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In recent years, perovskite solar cells (PSCs) have emerged as one of the most promising 
photovoltaic technologies. Their compatibility with low cost, simple fabrication techniques, high 
performance, and industrial scalability make them attractive for commercialization. However, 
moisture can cause serious damage to PSCs, resulting in complete device failure in a period of 
hours to days. Improved lifetimes are necessary for their future success. This thesis focuses on my 
efforts to improve the moisture stability of PSCs using two different approaches. The first approach 
focuses on applying hydrophobic barrier layers as hole-transport layers (HTLs) to improve the 
lifetime of PSCs, whereas the second approach is to find a stable perovskite composition.  
The first section of this thesis focuses on polythiophene-based HTLs. According to previous 
studies, hydrophobic HTLs like poly(3-hexylthiophene) improve the stability of the underlying 
perovskite layer by blocking moisture ingress. This section discusses the synthesis of four poly(3-
alkoxythiophenes) with different side chains having different degrees of hydrophobicity. The 
effect of the side chain is discussed in terms of its ability to protect thin films of MAPbI3. 
 The second section builds on this work. Here, the problems with the poor device performance 
of the polythiophene HTLs are addressed. A new device architecture is introduced which uses a 
poly(3-hexylthiophene) nanowire network in a poly(methyl methacrylate) matrix as the HTL. Due 
to the incorporation of the poly(methyl methacrylate) matrix, there was a large increase in the 
stability of the device towards both liquid and vapor-phase water.  
The third portion of this thesis investigates the decomposition processes of different well-known 
perovskite compositions. It focuses on the perovskites themselves and screens different 
perovskites for their moisture stability using in situ absorption spectroscopy and in situ grazing 
iii 
 
incidence wide angle x-ray scattering. It provides a better understanding of perovskite degradation 
processes and takes us one step closer to PSCs with longer lifetimes.   
This thesis discusses two approaches to improve the lifetime of PSCs. As moisture instability is 
an intrinsic problem of the PSCs, a stable perovskite composition is necessary for longer-lived 
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1.1. Solar Cells 
Solar Energy  
In order to meet the rising energy demand of the twenty first century and to mitigate the damage 
caused by global warming, the demand for renewable energy is increasing. Wind, hydroelectric, 
geothermal and solar energy are the major sources of renewable energy. As of 2017, renewable 
energy accounted for an estimated 18.1% of total energy consumption.1 Among them, solar energy 
is one of the most abundant, clean and desirable alternative energy sources. According to a study 
in 2001, the amount of solar energy received by the earth in 1.5 hours could supply the overall 
global energy consumed in one year.2 Photovoltaic technologies can convert solar energy into 
electricity. 
Different Types of Solar Cells 
In 1839 French physicist Antoine-César Becquerel discovered the photovoltaic effect, a 
phenomenon of converting light into electricity.3, 4 About 50 years later, solar cells based on 
selenium were constructed with a power conversion efficiency (PCE) of ca. 1% by Charles Fritts.5 
In the mid-twentieth century, silicon solar cells were introduced and later in the twentieth century 
there was a boost in solar cell research.6 Since then, solar cells with more than 20% PCE have been 
reported based on different technologies.7, 8 Among different solar technologies, the current 
commercial market is dominated by multi-crystalline silicon solar cells.9 Silicon has a bandgap of 
1.1 eV with a maximum calculated PCE of 32% based on the Shockley–Queisser limit. Even 
though multi-crystalline silicon solar cells are cheaper and more popular, they have lower 
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performance than single crystalline silicon solar cells. This is due to the presence of grain 
boundaries and dislocations resulting in lower Voc. Although silicon solar cells have PCEs of up 
to 26.6% this technology has some drawbacks.7 Silicon has an indirect bandgap resulting in weak 
absorption which demands a very thick (200−400 μm) Si active layer.10 High purity Si is also 
essential. As silicon solar cells are rigid, this technology is not suitable for high throughput roll-
to-roll manufacturing.  
Another commercial photovoltaic technology is GaAs based solar cells. They have the highest 
PCEs (28.8%) among all single-junction solar devices due to having a favorable bandgap of 1.4 
eV and lower Voc losses.7 However, due to the epitaxial growth of the GaAs layers, this technology 
is very expensive. Therefore, this technology is usually used for space applications such as 
satellites and spacecraft.11    
CdTe and CIGS based solar cells are cheap thin film-based technologies. However, they have 
the lowest PCEs (record of 22.1%) among all commercially available technologies.7 The toxicity 
of cadmium is also a major concern, though it can be minimized by recycling the cells and taking 
safety precautions. CdTe has a bandgap of 1.5 eV with a calculated Shockley–Queisser limit of 
31.6%.  
Besides these established commercial solar technologies, there are emerging photovoltaic 
technologies such as organic photovoltaics, quantum dots, and perovskites. These solar cells 
address some of the major issues faced by their predecessors such as cost-effectiveness, solution-
based fabrication techniques, and scalability (Figure 1.1). In addition, they are flexible which 





Figure 1.1 The highest performance of solar cells in 2019 for various solar technologies.7, 8    
1.2. Perovskite Solar Cells 
Lead Halide Perovskites 
Lead halide perovskites are a family of hybrid organic-inorganic light-absorbing materials that 
have a perovskite crystal structure. They have a general formula of ABX3, where A is either an 
organic cation like methylammonium, (MA, CH3NH3+), formamidinium (FA, NH2CH=NH2+) or 
an inorganic cation like Cs+; B is Pb2+; and X is a halogen anion (i.e., Cl−, Br−, I−) (Figure 1.2). 
Based on the cation and anion choice, different types of simple perovskite compositions can be 
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formulated, such as MAPbI3, FAPbI3, and CsPbI3, or MAPbI3, MAPbBr3, and MAPbCl3. Mixed 
perovskites can also be formulated by replacing the A site by two or more cations and/or when the 
X site has multiple halides. For example, a complicated mixed perovskite like 
Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 can be made by having 10% Cs, 15% MA and 75% FA in the A 
site and 15% Br and 85% I in the X site.   
 
Figure 1.2 Perovskite crystal structure. This illustration represents a unit cell (shown by a yellow 
dotted line) of perovskite ABX3. 
1.2.1.1. Optical Properties  
The optical properties of the perovskites are mainly dependent on the identity of A, B, and X. 
The valence band of these semiconductors is derived from the orbitals of the more electronegative 
halides, whereas the divalent metal B contributes to the conduction band.12 The monovalent cation 
A helps to stabilize the perovskite crystal structure. Usually, the perovskites have a bandgap of 1.4 
to 2.3 eV, depending upon the nature of the halides. For example, MAPbI3, MAPbBr3, and 
MAPbCl3 have bandgaps of 1.55 eV, 2.24 eV, and 2.90 eV, respectively.13 The bandgap can be 
tuned between 1.5 – 2.2 eV by varying the ratios of I⁻/Br⁻ in MAPbI3-xBrx (Figure 1.3).14 Even 
though the monovalent cation “A” does not have any direct contribution to the valence or conduction 
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band, changing it can lead to a change in crystal structure which eventually causes a change in the 
bandgap.14, 15 For example, replacing MA (ionic radius = 2.17 Å)16 with FA cations (ionic radius = 
2.53 Å)16 can lead to alteration of the Pb-I bond angles, which causes the bandgap to change from 1.55 
eV to 1.48 eV (Figure 1.4).14, 17, 18 On the other hand, replacement of the MA cation by Cs (ionic 
radius = 1.67 Å)16 leads to a blue-shifted absorption onset (1.73 eV) in CsPbI3.17, 18  
 
Figure 1.3 (a) UV–visible absorption spectra of MAPb(BrxI1–x)3 thin films for x values between 0 




Figure 1.4 UV–visible absorption spectra of different perovskite absorbers: MAPbI3 (black), 
FAPbI3 (red), CsPbI3 (blue), and Cs0.1MA0.15FA0.75Pb(Br0.85I0.15)3 (olive). 
1.2.1.2. Crystal Structure  
A representative perovskite crystal structure is shown in Figure 1.2. A three dimensional 
framework of corner-sharing [BX6] octahedra can be seen, where the A site cations occupy the 
body-centered sites. In the framework, the B site cations are sixfold coordinated by X anions, and 
the A site cations are coordinated 12-fold by the halides. Two parameters can be used to predict 
the stability of the perovskite crystal structure: Goldschmidt’s tolerance factor and the octahedral 
factor. Goldschmidt’s tolerance factor (t) is used to calculate the distortion in the perovskite crystal 










Where, rA, rB, and rX are the ionic radii of the A, B, and X-site ions, respectively. The octahedral 
factor (μ) can predict the structural stability of the perovskite and is described as: 
                                                                          𝝁𝝁 =  𝑟𝑟𝐵𝐵
𝑟𝑟𝑋𝑋
                                                  Equation 1.2 
For the stabilization of perovskite structure the two parameters should be 0.81 < t < 1.11 and 
0.44 < μ < 0.90. Under ideal conditions, t is close to 1, and there is no distortion in the unit cell 
implying that the unit cell has cubic symmetry. At high temperatures, the cubic structure (usually 
the α-phase) may still exist even though t is between 0.9 and 1.  In the cubic structure, the A and 
B site cations have an ideal size. A slight deviation from that can cause lattice distortion, resulting 
in a reduction of the symmetry of the unit cell.  Usually, when the A-site cation is smaller than the 
B-site cation, t lies between 0.71 and 0.89, which leads to lower symmetry phases, such as 
tetragonal (β-phase) or orthorhombic (γ-phase). When the A-site cation is too small, t < 0.71, the 
perovskite structure does not form. On the other hand, if t > 1, it implies that A is much bigger 
than B, and a distorted structure with hexagonal or tetragonal unit cells are formed. The 3D 
perovskite framework is reduced to a 2D layered structure or 1D chain structure (e.g., Aurivillius, 
Ruddlesden-Popper, and Dion-Jacobson phases) when t becomes significantly > 1.19, 20    
Three-dimensional (3D) Lead Halide Perovskites 
MAPbI3 
MAPbI3 has t = 0.91, owing to the ionic radii of MA, Pb, and I (2.17 Å, 1.19 Å and 2.20 Å).16 It 
has three structural phases; a cubic Pm-3m phase, a tetragonal I4/mcm phase, and an 
orthorhombic Pnma phase depending upon temperature. At room temperature, it adopts a 
tetragonal structure. A phase transition from tetragonal to cubic occurs at 327 K due to weakening 
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of the N-H---I bonding and an increase in the orientational motion of the MA (Figure 1.5).21 At 
lower temperature, below 162 K, MAPbI3 exists in an orthorhombic phase (Figure 1.5).21    
      
 Figure 1.5 Different phases of MAPbI3: orthorhombic, tetragonal, and cubic.  
MAPbBr3 
MAPbBr3 also exists in three different phases, depending upon the temperature. However, due 
to the smaller size of the bromide ion (1.96 Å), at room temperature, MAPbBr3 has a cubic phase. 
MAPbBr3 usually exists in an orthorhombic phase below 144.5 K, in a tetragonal phase with the 
P4/mmm space group at 149.5 K–155.1 K, and a tetragonal phase with the I4/mcm space group at 
155.1 K–236.9 K.22 It has a cubic phase above 236.9 K.23 
FAPbI3 
Due to the larger size of the FA (2.53 Å)16 cation, the tolerance factor increases and is ~1 (0.99) 
at room temperature.24 At room temperature, FAPbI3 crystallizes as a yellow hexagonal 2H-
nonperovskite (δ) phase (P63mc). At 390 K, δ-FAPbI3 undergoes a phase transformation to a 




Figure 1.6 Different phases of FAPbI3: hexagonal and cubic. 
CsPbI3 
Due to the small size of Cs+ (r = 1.67 Å)16, CsPbI3 unavoidably has a small 
Goldschmidt tolerance factor (t = 0.81).16, 26 Therefore, at room temperature, it has a non-
perovskite yellow δ-phase (orthorhombic, Pnma). CsPbI3 has four different phases: a cubic (α), a 
tetragonal (β), and two orthorhombic phases (a black γ- and a non-perovskite yellow δ-phase) 
(Figure 1.7). At room temperature, CsPbI3 usually crystallizes in the orthorhombic δ-phase 
(Figure 1.7). Upon heating above 600 K, δ-CsPbI3 (Pnma) expands linearly and a phase transition 
occurs from δ- to α-CsPbI3 (Pm3m).27 Upon cooling, the high-symmetry cubic phase (α-phase, 
Pm3m) distorts initially to a tetragonal phase (β-phase, P4/mbm) followed by a further change to 
the orthorhombic (γ-phase, Pbnm) (Figure 1.7).27 If the cubic α-CsPbI3 is slowly cooled to room 
temperature from 650 K, yellow δ-CsPbI3 forms; however, if it is cooled rapidly, γ-CsPbI3 forms 
(Figure 1.7). This implies that δ-CsPbI3 is the thermodynamic product and γ-CsPbI3 is the kinetic 
product.28 Both the black γ-CsPbI3 and the yellow δ-CsPbI3 are orthorhombic with the Pnma space 
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group. However, γ-CsPbI3 has the GdFeO3 structure whereas the δ-CsPbI3 is a non-perovskite 
NH4CdCl3 structure type.28, 29  
 
Figure 1.7 Different phases of CsPbI3: cubic (α), tetragonal (β), and two orthorhombic phases (a 





Due to the larger size of the I anion and the smaller size of the Cs cation, the tolerance factor of 
CsPbI3 is only 0.807, and therefore, it undergoes more octahedral rotation distortion. When iodide 
is replaced by bromide, the tolerance factor increases to 0.824 for CsPbBr3.30, 31 Therefore, 
CsPbBr3 becomes more stable at room temperature, although similar to CsPbI3, three phases exist 
for CsPbBr3. The orthorhombic (Pnma) to cubic (Pm3̅m) perovskite phase transition occurs at a 
much lower temperature (~ 403 K)31, 32 and there is a monoclinic (P21/n) to orthorhombic (Pnma)  
transition at 361 K32.     
Working Principles 
1.2.2.1. Basic Principles 
In order to understand the working principles of a perovskite solar cell (PSC), it is very important 
to comprehend the basic principles of a solar device. A solar device can be compared to a battery 
and can be represented by a simple electrical circuit as shown in Figure 1.8. In a battery, chemical 
energy is converted into electrical energy which develops a voltage between the two terminals of 
the battery. Similarly, in a solar cell, solar energy is used to develop a voltage between two 
terminals. When a solar cell is illuminated, it produces positive and negative charge carriers. With 
continuous illumination, an electrical potential is generated between the two terminals of the cell, 




Figure 1.8 A solar cell is equivalent to a battery in a simple circuit. 
In the absence of light (dark), a solar cell behaves like a diode. A diode is an electronic device 
which conducts current in one direction. An ideal diode has zero resistance in one direction, and 
infinite resistance in the other. In the dark, when an external bias (V) is applied, a current flows 
which can be expressed by the Shockley diode equation (Equation 1.3). As this current is 
generated in the dark, it is called the dark current (Idark (V)).  
                                              𝐼𝐼𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑(𝑉𝑉) = 𝐼𝐼0 (𝑒𝑒
𝑞𝑞𝑞𝑞
𝑘𝑘𝐵𝐵𝑇𝑇 − 1)                                           Equation 1.3 
Where I0 is a constant, kB is Boltzmann’s constant and T is the temperature in Kelvin. The dark 
current is a function of the applied bias (V) (Figure 1.19a-b). I0 is the reverse saturation current 
density which is a measure of the leakage current through the diode. It is usually very small. It 
depends on temperature but is independent of the applied bias. Under illumination, the solar cell 
generates a current which is called the photocurrent (Ilight) (Figure 1.9c-d). The photocurrent acts 
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in the opposite direction to the dark current. Therefore, the Shockley diode equation can be written 
as shown in Equation 1.4 
                                               𝐼𝐼 (𝑉𝑉) =  𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 −  𝐼𝐼0 �𝑒𝑒
𝑞𝑞𝑞𝑞
𝑘𝑘𝐵𝐵𝑇𝑇 − 1�                                   Equation 1.4  
 
 
Figure 1.9 The effect of light on the current-voltage characteristics of a p-junction. (a) In the dark, 
a solar cell has the same characteristics as diode with a small amount of dark current; (b) represents 
the equivalent circuit model in the dark; (c) upon illumination, the cell generates photocurrent, (d) 
represents the equivalent circuit model upon illumination; (e) and (f) represent a increase in light 
intensity increases the generation of photocurrent; (g) As the cell produces power the sign of the 
generated photocurrent is positive, represented by inverting the Y-axis.    
The photocurrent depends upon the light intensity (Figure 1.9e-f). The higher the intensity of 
the illuminated light, the greater the photocurrent. As current is generated by the solar cell, the 
direction of the photocurrent is considered positive. Since the current is proportional to the 
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illuminated area of a cell, current density (current over the illuminated area) is more reverent 
(Figure 1.9g). Therefore, rewriting Equation 1.4 we get: 
                                             𝐽𝐽 (𝑉𝑉) =  𝐽𝐽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 −  𝐽𝐽0 (𝑒𝑒
𝑞𝑞𝑞𝑞
𝑘𝑘𝐵𝐵𝑇𝑇 − 1)                                      Equation 1.5  
Plotting the above equation we get the current-voltage characteristic or J-V curve of a solar cell. 
Figure 1.10 shows a representative J-V curve of a solar cell which provides all the parameters 
needed to compare the performance of one solar cell to another. 
 
Figure 1.10 Current voltage (J-V) cure of a solar cell in light and dark with all the J-V parameters: 
open-circuit voltage (VOC), short-circuit current density (JSC), maximum power density (Pmax), fill 
factor (FF), and PCE. 
Short-Circuit Current Density (JSC)  
The short-circuit current density is the current density through the device when the voltage 
across the solar cell is zero. That means when the positive and negative terminals of the cell are 
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shorted together. It is the resulting current density due to charge generation and collection. In ideal 
conditions, the short-circuit current density and the photo-generated current density are identical. 
At V = 0, Jdark = 0. So, from Equation 1.5 we get: 
                                                           𝐽𝐽 (𝑉𝑉) =  0 = 𝐽𝐽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 = 𝐽𝐽SC                                  Equation 1.6 
Several factors can influence JSC, such as carrier generation and carrier mobility in the absorber, 
film morphology, and the composition of different layers (such as selective layers and electrodes) 
in a solar cell. 
Open-Circuit Voltage (VOC)  
The open-circuit voltage is the voltage at which no current is flowing. It occurs when the 
terminals are isolated (i.e. infinite resistance). It is the maximum voltage available from a solar 
cell. This occurs when the dark current and photocurrent are equal. Under ideal diode conditions, 
from Equation 1.5, we get:   





+ 1�                                    Equation 1.7 
The VOC depends on the bandgap of the absorber and the solar cell architecture.  
The maximum power density (Pmax) of the cell is the point on the J-V curve where the cell has 
maximum power output. Jmax and Vmax are the current density and voltage at this point.  
Fill Factor (FF)  
The fill factor of a solar cell is defined as the ratio of the maximum power density (Pmax) to the 
product of VOC and ISC. It can be expressed as follows: 




                               Equation 1.8 
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Graphically, FF is measured by the ratio of the area of the red rectangle to the area of the yellow 
one in Figure 1.10 Therefore, it is a measure of the ‘squareness’ of the J-V curve. FF in solar cells 
is always lower than 1 due to the presence of parasitic resistive losses. 
Power Conversion Efficiency (PCE)  
The power conversion efficiency is the most commonly used parameter to represent the 
performance of a solar cell. It is the ratio of the maximum output power (Poutput) to the input power 
(Pinput) from the illumination source. It is calculated using Equation 1.9: 
              𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜
× 100% =  𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜
× 100% =  𝐽𝐽𝑆𝑆𝑆𝑆𝑉𝑉𝑂𝑂𝑆𝑆𝐹𝐹𝐹𝐹
𝑃𝑃𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜
× 100%           Equation 1.9  
So far, for simplicity the behavior of an ideal solar cell has been depicted by Figure 1.11a and 
Equation 1.5. However, in reality, solar cells do not behave ideally. Parasitic resistances reduce 
the performance of the solar cell by dissipating power. Commonly, there are two major parasitic 
resistances; one is called the series resistance (RS) and the other is called shunt resistance (RSh). 
Series resistance is the resistance in series which impedes current flow in the desired direction. 
Therefore, for an ideal solar cell it should be zero. Series resistance arises due to a number of 
factors like poor surface contacts, poor charge carrier mobility, the presence of impurities, and 
degradation. Due to high series resistance, the J-V curve near the VOC is strongly affected, resulting 
in a decrease in the fill factor (Figure 1.12a). The shunt resistance arises when the current flows 
in alternative pathways. Therefore, to minimize the effect, RSh should be infinitely large for an 
ideal cell. A low shunt resistance is usually caused by several factors such as defects in the active 
layer, pinholes, degradation which aid in providing pathways leading to the leakage of current 
through the cell. Due to low shunt resistance, the J-V curve near the JSC is strongly affected, 
resulting in a decrease in the fill factor (Figure 1.12b). Assuming the cell behaves as a linear 
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Ohmic resistor, the series and shunt resistances can be calculated from a J-V curve. The series 
resistance is equal to the inverse of the slope of the tangent at VOC whereas the shunt resistance is 
the inverse of the slope of the tangent at JSC. Figure 1.11b represents a simple circuit diagram of 
a solar cell after including the two resistances. After incorporating the contributions from Rs and 
Rsh Equation 1.5 can be modified as follows: 
                                  𝐽𝐽 (𝑉𝑉) =  𝐽𝐽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 −  𝐽𝐽0 �𝑒𝑒
𝑒𝑒�𝑞𝑞+ 𝐽𝐽𝑅𝑅𝑆𝑆�
𝑖𝑖𝑘𝑘𝐵𝐵𝑇𝑇 − 1� −  𝑉𝑉+𝐽𝐽𝑅𝑅𝑆𝑆
𝑅𝑅𝑆𝑆ℎ
                     Equation 1.10 
Here, ‘n’ represents the empirical ideality factor of a diode. Generally, its value lies between 1 and 
2. It indicates the type of recombination mechanisms occurring in the device and also accounts for 
the non-ideal behavior of the device. 




Figure 1.12 Effect of (a) increasing series resistance and (b) reducing shunt resistance.   
PSCs Device Physics   
1.2.3.1. Working Principle    
Mechanisms:  
The general working processes of PSCs include the following steps: (i) absorption of incident 
photons; (ii) generation of free electron-hole pairs; (iii) transport of photo-generated carriers; and 
(iv) collection of photo-generated carriers.  
First, photons are absorbed by the perovskite absorption layer. This process depends on the 
quantum energy of each photon and the bandgap of the perovskite material (e.g. the bandgap of 
MAPbI3 is 1.55 eV). When the photon energy is equal to or higher than the bandgap, only then are 
photons absorbed. Due to the absorption of a photon, an electron is excited from the valance band 
(VB) to the conduction band (CB). In a semiconductor material, this transition from the VB to the 
CB can happen in two different ways:  
19 
 
(i) Band-to-band transition (Figure 1.13), where the incident photon has a higher energy than 
the bandgap and the excess energy is lost through relaxation. 
(ii) Transition assisted by defect states (Figure 1.14), where the transition occurs through the 
defect states within the bandgap. This can happen if the incident photon has energy lower than the 
bandgap. 
If these two transitions cannot happen due to the energy mismatch of the incident photon, then it 
is transmitted through the material and contributes to the loss mechanism of a solar cell. 
 
Figure 1.13 Absorption through the band-to-band transition when an incident photon has higher 





Figure 1.14 Absorption assisted by defect states when an incident photon has lower energy than 
the bandgap.  
These photo-generated electrons and holes are bound together with an attractive Coulomb force. 
These pairs of bound electrons and holes are referred to as excitons and the binding energy is called 
the exciton binding energy. The exciton binding energy is a function of the dielectric constant of 
the material and can be expressed by the equation: 
                                                                   𝑃𝑃𝑏𝑏 =
𝜇𝜇𝑒𝑒4
2ℏ2𝜀𝜀2
                                          Equation 1.11 
where, 𝑃𝑃𝑏𝑏 is the exciton binding energy, μ is the effective mass of an electron, ε is the dielectric 
constant of the semiconductor material, e is the charge of an electron, and ℏ = ℎ
2𝜋𝜋
, where h is the 
Planck constant. According to Equation 1.11, the higher the dielectric constant the lower the 
Coulomb attraction force between the electron-hole pair and the lower the exciton binding energy. 
For MAPbI3, Eb has been estimated to be ~10 meV at room temperature.33, 34 If Eb is lower than 
the thermal energy (which is 26 meV at room temperature, calculated from 𝑘𝑘B𝑇𝑇; where kB is the 
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Boltzmann constant and T is the temperature), then the photo-generated electron-hole pairs exist 
as free electrons and holes. 
The next step is the transport of the free charge carriers through the perovskite absorber layer 
toward the respective transport layers. This process can happen either by diffusion or drift induced 
by the built-in electrical field. When charge transport is driven by the gradient in concentration of 
the charge carriers, then this is diffusion-based transport. If the process is driven by an internal 
electric field it is drift-based transport. Usually, for a solar cell power is generated at the maximum 
power point when the electric field inside the device is small. Therefore, the transport of charge 
carriers is dominated by diffusion. For diffusion, the collection efficiency of the carriers is 
dependent on diffusion length of the charge carriers which can be expressed by: 
                                                         𝐿𝐿 = √𝐷𝐷𝐷𝐷                                                          Equation 1.12  
where D is the diffusion coefficient and τ is the lifetime of the excited carrier. 
The diffusion coefficient can be written as follows:  
                                                             𝐷𝐷 = 𝜇𝜇kB𝑘𝑘
𝑒𝑒
                                                      Equation 1.13 
where μ is the charge carrier mobility, kB is the Boltzmann constant, T is the temperature, and e is 
the charge of an electron. The longer the diffusion length, the greater the probability of charge 
collection. For efficient charge collection the diffusion length (L) must be much larger than the 
thickness of the active layer.  
Lead halide perovskites usually have long diffusion lengths and high carrier mobilities.35-37 For 
example, the diffusion length and hole mobility of a MAPbI3 single crystal are 175 ± 25 μm and 
164 ± 25 cm2 V−1 s−1, respectively.35 This is because lead halide perovskites have strong spin-orbit 
coupling in the electronic band structure resulting from the presence of heavy atoms such as Pb.38, 
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39 This strong spin-orbit coupling leads to a reduction of the bandgap and modifies the band 
structure. The transport of charge carriers is directly related to the band structure of the material 
via their effective masses. 
In the final step, the charge carriers are collected by electrodes into an external circuit. For the 
collection of electrons, the semiconductor must have a higher work function than the electrode. 
On the other hand, the holes must be collected in an electrode that has a higher work function than 
the semiconductor. Therefore, for effective charge collection and high performance a proper 
choice of electrodes is required along with the additional selective transport layers. The selective 
transport layer that helps in transporting only electrons from the perovskite layer to the electrode 
is called the electron-transport layer (ETL). The hole-transport layer (HTL) selectively collects 
holes and blocks the movement of electrons to the other electrode.     
Even though the device architecture is rapidly being optimized and new materials are being 
developed for high performance PSCs, the PCE of PSCs is still far from the theoretical value 
calculated by the Schottky-Queisser limit. This is because the performance of PSCs is strongly 
influenced by recombination losses inside the device. Recombination reduces the number of 
charge carriers that contribute to the photocurrent. Recombination occurs when an excited electron 
in the conduction band recombines with a hole in the valence band to return to the ground state. It 
can be of two types: radiative and non-radiative. Radiative recombination occurs when energy is 
released in the form of photons as a result of the recombination process. On the other hand, the 
non-radiative recombination process releases energy in the form of phonons. There are three major 
recombination mechanisms: band-to-band recombination, trap assisted recombination (Shockley-




Figure 1.15 Schematic illustration of all three-recombination process in PSC (a) band-to-band 
recombination involving a direct recombination between electron and hole from band-to-band, (b) 
trap-assisted recombination involving capture of either electron or hole in the trap state and (c) 
Auger recombination involving transfer of energy of an electron (or hole) to other charge carrier 
to allow non-radiative recombination either with electron (or hole).  
1.2.3.2. Principles of the Heterojunction Interface 
Perovskite solar cells consist of several layers including a perovskite absorber layer (intrinsic 
semiconductor) which is sandwiched between an n-type ETL and a p-type HTL. The n-type ETL 
and p-type HTL are each connected to an electrode. The interfaces of each junction have a major 
impact on the photovoltaic performance of these cells. At a heterojunction, when two different 
semiconductors are put in contact their Fermi levels are aligned by a phenomenon called band 
bending. The intrinsic carriers present in materials start to flow across the contact in order to 
establish an equilibrium. Thus, the unification of the Fermi levels happens on both sides. Figure 
1.16 represents a model of p-i-n junction of PSCs under forward bias. Absorption of light by the 
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perovskite leads to the generation of free electron and hole pairs. These electron and hole pairs are 
separated by the electric field across the junction, leading to current flow in the external circuit. 
 
Figure 1.16 Illustration of the operation of a p-i-n diode, showing a cross-section, the energy band 
diagram under forward bias, and the carrier generation characteristics. V is the applied bias, I is 
the current, RL is the load resistance, and Vbi is the built-in potential, EF is the quasi-Fermi level of 
the respective semiconductors.  
Under open-circuit conditions (V = Voc), the applied bias is very close to the built-in potential 
(Vbi) and the net current is zero as the dark current balances out the photogenerated current. When 
the electrodes are connected (under short-circuit conditions (V = 0)), the current starts to flow. The 




Figure 1.17 Illustration of the operation of a p-i-n diode under open (a) and short-circuit (b) 
conditions. V is the applied bias, I is the current, RL is the load resistance, and Vbi is the built-in 
potential. 
1.2.3.3. Solar Cell Architectures  
The device configuration of a PSC greatly affects the performance of the device. It can direct 
the morphology and growth of the perovskite crystallites, and is important for efficient charge 
carrier extraction. Additionally, it can affect the stability of the PSC. PSCs can be fabricated in 
two major ways: regular (n-i-p) and inverted (p-i-n) structures. This depends upon which transport 
(electron/hole) material is on the substrate. PSCs can also be classified into two categories 
(mesoscopic and planar) depending on whether they have a mesoporous layer or all planar layers. 
PSCs even without electron or/and hole transporting layers have also been reported. PSC structural 




Figure 1.18 PSCs architectures: illustration of different types of PSCs; left based on presence of 
mesoscopic layer mesoscopic and planar structures; and right based on arrangement of charge 
transport layers regular (n-i-p) and inverted (p-i-n) structures. 
1.2.3.4. Evolution of Device Structures 
MAPbI3 was first employed as a dye in a dye-sensitized solar cell where a thin layer of the 
perovskite was deposited on a mesoporous TiO2 ETL (PCE 3.8% in 2009).40 The solar cell lasted 
for only a few minutes as a liquid electrolyte was used. When the liquid electrolyte was removed 
and the perovskite was put between a solid HTL (spiro-OMeTAD) and a mesoscopic TiO2 scaffold 
(as ETL) the stability drastically improved and over 10% PCE was achieved.41 This initial 
advancement in PSCs gained attention rapidly and soon led to the development of other PSC 
device configurations.42-44 As a result simpler planar architectures evolved by replacing the 
mesoscopic scaffold by a planar layer. Planar n-i-p and p-i-n architectures both gained popularity 
quickly.45, 46 To date, the highest PCE of 25.2% was achieved by using a mesoporous architecture.7 
Planar n-i-p and p-i-n devices have record PCEs of 23.6%47 and 21.0%48 respectively. Although 
mesoporous PSCs can achieve better performances than planar structures, the mesoporous layer 
must be thin (less than 300 nm).49 In addition, planar devices can be fabricated at room 

































1.2.3.5. Hysteresis  
The current-voltage characteristics (J-V curves) of PSCs often show an anomalous hysteresis 
behavior, when PSCs are scanned in different directions i.e., forward scan (voltage swept from 
short-circuit to open-circuit) and reverse scan (voltage swept from open-circuit to short-circuit) 
(Figure 1.19).51-54 The extent of hysteresis in PSCs often depends on scan rate,52, 55 light-soaking 
conditions,52 and applied bias.51 This hysteretic behavior sometimes leads to inaccurate reporting 
of efficiencies for PSCs. The origin of this unusual behavior has been ascribed to several factors 
including ion migration, and charge trapping or detrapping.53, 54, 56 However, the major contributor 
to hysteresis of PSCs is ion migration.53, 57 Different factors such as perovskite grain boundaries, 
the capacitive behavior of perovskites, intrinsic trap states, and internal electrical field modulation 
are responsible for ion migration, which in turn results in the hysteresis behavior.22, 53, 54, 58 This 
hysteretic behavior in PSCs was first reported by Snaith et al. in 2014.51 The hysteresis mainly 
depends on the device architecture (planar or mesoporous, p-i-n or n-i-p) and the choice of 
interfacial layers.53, 54, 59 For example, regular planar PSCs which use TiO2 as the ETL and spiro-
OMeTAD as the HTL show pronounced hysteresis compared to both inverted and mesoscopic 
solar cells.59 This is due to the high capacitance of TiO2 and spiro-OMeTAD which leads to charge 
accumulation at the ETL/perovskite and perovskite/HTL interfaces. Choosing different low 
capacitance materials, such as PCBM and PEDOT:PSS or NiOx, can decrease or remove the 




Figure 1.19 Hysteresis in current-voltage measurement of a PSC measured under 1 sun (AM 1.5 
G) illumination.  
1.3. Stability of PSCs 
At present, PSCs are emerging as one of the most promising next generation photovoltaic 
technologies with a record laboratory-based PCE over 25%.7 In addition to their high performance 
and cheap starting materials, their projected energy payback time is much shorter than that of 
silicon-based devices.62, 63 However, their long-term stability and the toxicity of lead are two 
formidable obstacles for commercialization.64-66 In order to compete with silicon solar cells, PSCs 
must guarantee a stable power output under outdoor operating conditions in relatively harsh 
environments for a period of ~ 25 years. Unfortunately, PSCs suffer from inherently poor 
stability.64-66 Environmental factors such as humidity, heat, light, and oxygen cause serious 
damage to PSCs.64-66 Therefore, performance deterioration and/or material degradation problems 




Humidity has a profound effect on the performance and stability of PSCs. During perovskite 
film formation, a low level of humidity helps to improve the morphology of the perovskite layer.67 
This can lead to improved device performance. However, long exposure or high relative humidity 
can lead to serious damage in PSCs. The detrimental effect of humidity on MAPbI3 is well-
studied.64, 68-70 Due to the hygroscopic nature of MAPbI3, even a small amount of humidity can 
have detrimental effects on the devices and may lead to premature device failure.69, 71  Two main 
mechanisms have been proposed to explain the humidity-induced decomposition of MAPbI3. 
According to the first mechanism, water simply acts as a catalyst by accelerating the 
thermodynamic degradation of MAPbI3. This pathway leads to the formation of PbI2 and gaseous 
byproducts such as MAI or (methylamine and HI) at room temperature.72-74 As the decomposed 
products are gaseous this is an irreversible pathway. 
MAPbI3  
𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒕𝒕𝒉𝒉




�⎯⎯⎯⎯⎯� CH2NH2 + HI                                                                                       Scheme 1.2                                                          
The second degradation mechanism proposes a pathway that involves the formation of 
hydrates.68-70, 74 At high RH (70-90% RH), water molecules penetrate the MAPbI3 crystal and they 
form hydrogen bonds with the MA cations. This process leads to the formation of the metastable 
monohydrate phase (MAPbI3·H2O) (Figure 1.20).70, 75 The formation of the monohydrate is 
reversible as upon drying it can revert back to the perovskite structure. After complete 
decomposition PbI2 is formed as one of the major decomposition products. At very high RH 
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(>95%), the water molecules can cause the irreversible degradation of the perovskite structure by 
dissolving the MA cation.70 
MAPbI3 + H2O ⇌ [MAPbI3·H2O]                                                                                   Scheme 1.3 
[MAPbI3·H2O](s) + H2O(l) → MAI(aq) + PbI2(s) + 2H2O(l)                                          Scheme 1.4 
Figure 1.20 Decomposition of MAPbI3 perovskite proceeds via hydration to MAPbI3·H2O, 
followed by the formation of PbI2 in presence of humidity.                  
 Heat 
Heat is another major concern for the longevity of PSCs as the temperature can reach as high as 
85 °C in extreme conditions during operation in direct sunlight.76 Additionally, modules can 
experience temperature extremes ranging from −40 to +85 °C depending on the environmental 
conditions. Usually, MAPbI3 is stable well over the operational temperature, though it breaks down 
around 200 °C.77, 78 However, when it is incorporated in a device it degrades much faster at 
relatively low temperature. A study by Yong et al. showed that when MAPbI3 is deposited onto a 
ZnO based ETL, it decomposes even at 100 °C.79  In addition, humidity also helps in the thermal 
decomposition of MAPbI3.  
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According to several studies based on x-ray diffraction, MAPbI3 degrades to PbI2 via 
intermediates when annealed over 100 °C for a prolonged time.80-82 This results in a visual change 
in color from a dark brown perovskite film to a light yellow PbI2-rich film. This transformation 
leads to a deterioration in device performance as PbI2 is not photoactive due to its unfavorable 
bandgap. Additionally, charge transport in PbI2-based cells is much slower than that in PSCs.83 
Later on, numerous studies claimed that MAPbI3 is more susceptible to thermal decomposition 
because of the MA cation which leads to the formation of volatile decomposition byproducts.84  It 
usually decomposes through a release of gases via sublimation or assisted chemical reaction as 
follows:77, 78, 85-87 
MAPbI3(s) 
𝒉𝒉𝒉𝒉𝒉𝒉𝒕𝒕
�⎯�  HI(g) + CH3NH2(g) + PbI2(s)                                                                Scheme 1.5 
MAPbI3(s) 
𝒉𝒉𝒉𝒉𝒉𝒉𝒕𝒕
�⎯� CH3I(g) + NH3(g) + PbI2(s)                                                                    Scheme 1.6 
At relatively lower temperature (80   ̶ 144 °C) and under partial vacuum, MAPbI3 decomposes 
to CH3NH2 and HI following a kinetically favored pathway (Scheme 1.5).77, 78, 85 This is a partially 
reversible process. On the other hand, at high temperature (~ 300 °C) and atmospheric pressure, 
MAPbI3 decomposes through a thermodynamically favored pathway which leads to the release of 
CH3I and NH3 as gaseous byproducts (Scheme 1.6).86 This decomposition is an irreversible 
process.       
 Light 
 In order to even be considered as a possible photovoltaic technology, a solar cell must be stable 
under light. Although many studies have now demonstrated the stability of encapsulated PSCs 
over hundreds of hours of illumination, there is a substantial amount of work describing 
photoinduced changes to the perovskite structure and PSC performance.41, 88-98 One important 
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example is the light soaking that has often been found to be beneficial for device performance;99-
102 however, under long term irradiation, both reversible103-106 and irreversible107, 108 degradation 
has been observed. This has been variously ascribed to the formation of light-activated trap 
states,103, 109 photoinduced ion segregation,104, 109, 110 photoinduced atom/ion migration,142 and 
photodecomposition.96, 98  
White light exposure for a few hours in vacuum decomposes MAPbI3 into PbI2 and metallic Pb 
resulting in an obvious color change from dark brown to gray.111 According to several studies, 
MAPbI3 decomposes into PbI2 and other gaseous components.95, 105, 107, 111 Upon longer exposure, 
PbI2 further decomposed into metallic Pb. Even though most of the studies claimed PbI2 and 
metallic Pb as the solid byproducts, there is debate on the identity of the gaseous decomposition 
products.95, 105, 107, 111 According to Xu et al.107 and others95, 112 the gaseous decomposed products 
are NH3, HI, and I2 with a hydrocarbonaceous species left on the surface (Scheme 1.7), while Tang 
et al.111 and others105 suggest the volatile components could be CH3NH2, HI, and I2 (Scheme 1.8). 
Therefore, the photodecompostion of MAPbI3 can be summarized as follows:  
MAPbI3(s)  
𝒍𝒍𝒉𝒉𝒍𝒍𝒉𝒉𝒕𝒕
�⎯⎯� Organic residue(s) + NH3(g) + HI(g) + PbI2(s)                                    Scheme 1.7 
MAPbI3(s) 
𝒍𝒍𝒉𝒉𝒍𝒍𝒉𝒉𝒕𝒕
�⎯⎯� CH3NH2(g) + HI(g) + PbI2(s)                                                                Scheme 1.8 
PbI2(s) 
𝒍𝒍𝒉𝒉𝒍𝒍𝒉𝒉𝒕𝒕
�⎯⎯� Pb(s) + I2(g)                                                                                                  Scheme 1.9
    
 Light and Air (Oxygen, Humidity) 
Several studies have revealed that the presence of oxygen and/or humidity accelerates the 
photodecomposition of PSCs relative to a vacuum or inert atmosphere.113, 114 Under continuous 
illumination in air, MAPbI3 films photobleach and the color changes from black to transparent111 
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or yellow114, 115 within just a few hours. Due to photoexcitation of MAPbI3 and subsequent electron 
transfer to an oxygen molecule, superoxide is formed at the surface of the MAPbI3 film. The 
superoxide reacts with MAPbI3 and forms PbI2 and other gaseous species (CH3NH2 and I2).115       
MAPbI3  
𝒉𝒉𝒉𝒉≥𝑬𝑬𝒍𝒍
�⎯⎯⎯� MAPbI3*                                                                                                                                                 Scheme 1.10 
MAPbI3* + O2 → MAPbI3+ + O2˙ˉ                                                                                  Scheme 1.11                               
4 MAPbI3 + O2˙ˉ → 4 CH3NH2 + 4 PbI2 + 2 I2 + 2 H2O                                                Scheme 1.12 
Upon longer exposure, PbI2 further reacts with air to form lead salts like PbO, PbCO3, and 
Pb(OH)2.111, 115 
After continuous illumination in air TiO2/MAPbI3 based devices experience a severe degradation 
in device performance.114, 116, 117 Further investigation suggested that the photoexcitation of 
MAPbI3 leads to generation of electron and hole pairs. Transfer of the photoelectron from the 
conduction band of MAPbI3 to molecular oxygen again produces a reactive superoxide anion, 
which then in turn attacks the perovskite, resulting in both deprotonation of the MA cation and 
oxidation of iodide to iodine. This leads to a significant reduction in photocurrent to device failure. 
 Other Factors 
Several other factors such as ion/atom migration, mechanical stress, applied bias, and choice of 
ETM, HTM and electrode also play a significant role in the decomposition of PSCs. In PSCs, high 
performing organic HTMs such as spiro-OMeTAD are typically used along with dopants like 
lithium bis(trifluoromethane)sulfonamide (Li-TFSI) and 4-tert-butylpyridine (TBP). Li-TFSI is 
very hygroscopic; therefore, PSCs employing this additive tend to suffer from rapid moisture-
induced degradation.68, 118 Additionally, diffusion of Li+ into the perovskite layer causes 
hysteresis.51, 119 During heating cycles, low boiling TBP can evaporate at temperatures as low as 
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85 °C, causing the formation of voids and a decrease in PCE.120, 121 Additionally, the poor barrier 
properties of spiro-OMeTAD aids in the diffusion of ions and atoms from the perovskite layer to 
the electrode and vice versa. For example, heat, moisture, light or bias induced migration of iodide 
ions from the perovskite layer to the top metal electrode leads to the formation of metal iodide 
salts and the corrosion of the top electrode.122, 123 Metal electrodes such as gold can also diffuse 
through the spiro-OMeTAD layer to the perovskite layer, leading to a decrease in PCE.124, 125  
Due to their different compositional variations, lead halide perovskites offer flexibility and 
tunability of the bandgap. Therefore, the bandgap of a mixed APb(IxBr1-x)3 (where A is MA, FA 
or Cs) perovskite can be varied by controlling the ratio of  I/Br. This can improve device 
performance and stability. However, increasing the Br content does not necessarily always produce 
PSCs with higher VOC’s, as expected from their higher bandgap.18, 126-128 During light exposure, 
APb(IxBr1-x)3 undergoes a reversible phase segregation into I and Br rich domains.66, 129-131 
Therefore, mixed perovskites tend to have reduced photostability. This light-induced phenomenon 
was first reported by Hoke et al in 2015.109 However, this phenomenon does not typically occur 
when the Br content is lower than 20% in the mixed perovskites. However, this phenomenon is 
particularly concerning for the application of perovskite tandem solar cells where a bandgap of 
1.7-1.8 eV is desirable.  
In addition to the light-activated movement of Iˉ and Brˉ, heat and humidity are also responsible 
for the migration of these ions. A similar light-activated phenomenon has been observed in mixed 
cation perovskite compositions. 25, 26 This causes a decrease in device performance.     
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1.4. Strategies to Improve Moisture Stability 
As device performance has improved and exceeded 25% (which is better than many other PV 
technologies), the goal of the perovskite research field has shifted towards increasing longevity. 
The undeniable role of moisture in the PSC decomposition process has led to intensive research 
focused on improving the lifetime of PSCs. Even though for commercial applications PSCs will 
likely be encapsulated, the stabilization of each layer is still essential, as otherwise even a small 
pinhole could result in total device failure. Even with perfect seals, moisture and oxygen trapped 
during device fabrication or sealing can increase ion mobility leading to a decline in device 
performance. Therefore, extensive research is ongoing to stabilize each component of the PSC. 
From the first PSC in which liquid electrolyte was used, which was only stable for few minutes, 
to today, where PSCs have achieved over 1000 h operational lifetime, significant improvements 
in device engineering and materials developments are continually being made.       
 Perovskite Materials  
The prototypical lead halide perovskite, MAPbI3, is highly moisture sensitive. It starts 
decomposing as soon as it comes in contact with moisture. Therefore, replacing it with more stable 
perovskite compositions is one of the obvious routes to improve stability. Replacing the iodide 
with the smaller bromide ions improves the moisture resistance. This was first demonstrated by 
Noh et al.126 They observed that the partially substituted MAPb(BrxI1-x)3 was more resistant to 
moisture than pure MAPbI3. The stability of the devices improved as the bromide content was 
increased. In a separate study, Buin et al. demonstrated that amongst pure MAPbX3 (where X = I, 
Br and Cl) compositions, MAPbBr3 and MAPbCl3 were more stable than MAPbI3 in ambient 
humidity.132 Substituting Iˉ with SCNˉ is also reported to enhance moisture stability due to a 
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stronger interaction between Pb2+ and SCNˉ than Pb2+ and Iˉ.133, 134 This stronger interaction makes 
it difficult to form the hydrate phase in the perovskite crystal.   
Another effective strategy is to replace or modify the more volatile and reactive MA cation with 
more robust FA or Cs cations. However, pure FAPbI3 and CsPbI3 suffer from phase stability issues 
at operational temperatures, which is even worse in the presence of moisture. However, mixed 
perovskite compositions can solve this problem. For example, when Cs is doped into FAPbI3 the 
resulting Cs0.1FA0.9PbI3 perovskite becomes more moisture resistant with improved device 
stability, as demonstrated by Park et al.135 This fact was further supported by subsequent studies.136, 
137 Similarly, partial replacement of MA with FA improves the moisture stability.138 Due to 
resonance stabilization of FA, the positive charge on FA is more declocalized leading to a weaker 
interaction between the FA cation and water.139, 140 On the contrary, a strong interaction between 
the oxygen of a water molecule the hydrogen of the MA cation leads to the decomposition of 
MAPbI3 via hydrate formation. Later on, another complex perovskite formulation 
(Cs0.05MA0.16FA0.79PbI2.49Br0.51) became popular due to its combination of improved device 
performance, lifetime, and reproducibility.141   
  When the small hygroscopic MA cation is replaced with bulkier hydrophobic organic cations 
(such as an aliphatic or aromatic alkylammonium) it results in a reduction in dimensionality from 
a 3D perovskite to a 2D structure which consist of single (or multiple) inorganic sheets sandwiched 
between organic spacers. This also results in superior moisture stability which prevents hydrate 
formation.142-144 In 2014 Karunadasa et al. reported the first application of 2D halide perovskites 
as a promising material with better moisture stability. However, the PCE was relatively low due 
to the reduced dimensionality and wider bandgap.142 Later, Mohite and co-authors improved the 
PCE to over 10% by using a 2D Ruddlesden–Popper layered perovskite, (BA)2(MA)n − 1PbnI3n + 1 
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(where BA = n-butylammonium).145 This has led to increased interest in 2D layered perovskite 
materials over the past few years.146-148 Most recently, 2D/3D perovskites (a mixture of 2D and 
3D perovskite phases) have emerged as a class of excellent photovoltaic materials with long-term 
stability. Broadly, three different routes have been developed to synthesize 2D/3D perovskites: 
mixed directly into the bulk 3D structure (Figure 1.21a), deposited at one interface, and coated 
onto the grains (Figure 1.21c). The first approach takes advantage of quasi-2D perovskites where 
phenylethylammonium (PEA) layers are systematically incorporated into every n integer layers of 
the bulk 3D MAPbI3 perovskite (Figure 1.21a).149 Quasi-2D perovskites have enhanced moisture 
stability like 2D perovskites, and the excellent optoelectronic properties of 3D perovskites. By 
fine-tuning n (n = 60), a record PCE of 15.3% was achieved. The 2D perovskite acts as a moisture 
barrier protecting the inner 3D structure, thus enhancing the longevity of these perovskite 
materials. In the second approach, Grancini et al. synthesized an ultra-stable 2D/3D 
(HOOC(CH2)4NH3)2PbI4/MAPbI3 perovskite composition by adding a few percent of 
aminovaleric acid iodide (AVAI) in the perovskite precursor solution.150 The resulting 2D/3D 
perovskite, in combination with a 1-μm-thick carbon electrode and protective glass covering 
(Figure 1.21b) resulted in devices with lifetimes of over one year under 1 sun at 55 °C in ambient 
atmosphere. In addition, the 2D perovskite coating helped to improve the morphology by guiding 
the growth of the 3D perovskite. The third route utilizes 2D perovskite crystallites to passivate the 
moisture-sensitive grain boundaries of a 3D perovskite.151-153 This also helps to improve 
crystallinity and reduce defects in the crystal. Using this approach, Wang et al. were able to obtain 




Figure 1.21 Strategies to produce perovskites with reduced dimensionality (2D/3D perovskites): 
(a) Variation of perovskite dimensionality from 3D to 2D with improved device stability. 
Reproduced from ref (149). Copyright 2016 American Chemical Society. (b) Device architecture 
used by Grancini et al. to achieve employing a 2D/3D perovskite with 1 year stability under 1 sun 
illumination in an ambient atmosphere. Reprinted with permission from ref (150). Copyright 2017 
Springer Nature, under a Creative Commons 4.0 License. (c) Schematic showing 2D perovskite 
that resides at the grain boundaries of the bulk 3D perovskite. Reprinted with permission from 
ref (151). Copyright 2017 Springer Nature. 
In the early stage of perovskite decomposition, water molecules infiltrate the perovskite layer 
through the gaps between grains. Decomposition, therefore, starts at the grain boundaries and 
progresses to the grain interior. Therefore, passivating the grain boundaries is one of the effective 
ways to minimize moisture-induced degradation. Additionally, perovskite layers with larger grains 
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and fewer grain boundaries are desirable as larger grains have lower surface area/volume ratios 
and fewer defects.154 This not only helps to improve the moisture resistance155 but also increases 
device performance.156, 157 Several research articles have been published with different passivation 
agents, such as polymers,158, 159 fullerenes and their derivatives,160 and other organic 
compounds161-163 which demonstrate the utility of this approach. For example, de Carvalho et al. 
used tetraethyl orthosilicate (TEOS) in the precursor solution to passivate the perovskite grains. 
Devices modified with TEOS were able to retain 85% of their performance after 1200 h under 1 
sun in ambient atmosphere.162 Another good example was demonstrated by Bi et al.164 They 
introduced poly(methyl methacrylate) (PMMA) into a chlorobenzene/toluene mixture (which was 
used as an antisolvent to facilitate fast crystallization process) to prepare the perovskite film. 
Similarly, passivating grain boundaries with polydimethylsiloxane enhanced the long-term 
stability of the perovskite.163  Adding hydrophobic PEA cations 165, 166 and other long-chain cations 
such as n-butylammonium,165 1,1,1‐trifluoro‐ethylammonium,167 and oleic acid168 into the 
perovskite precursor solution also leads to improved moisture stability.165-168 By using the 
crosslinking agent alkylphosphonic acid ω-ammonium chloride (4-ABPACl), Li et al. improved 
the quality of the surface of MAPbI3.169 The 4-ABPACl acts as a crosslinking agent between 
neighbouring grains in the perovskite structure via strong hydrogen bonding of the –PO(OH)2 and 
–NH3+ terminal groups to the perovskite surface. Therefore, 4-ABPACl-modified devices have 
improved lifetime in a 55% RH environment compared to control MAPbI3 PSCs.  
 Hole-transport Materials (HTMs) 
The HTL plays a major role in device function by selectively transporting holes to the electrode. 
In a “standard” n-i-p structure, the HTL lies between the perovskite absorber and the top electrode. 
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If it is made hydrophobic, it can also serve as an effective vapor barrier between the perovskite 
and its environment. Additionally, it can also block the undesired movement of ionic or molecular 
species among the layers in PSCs. Among the most common HTMs, semi-crystalline and 
hydrophobic P3HT serves as one of the best vapor barriers for PSCs.169, 170 Due to the use of a 
large amount of hygroscopic Li-dopant in two other high-performance HTMs, 2,2′,7,7′-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD) and poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), PSCs decompose much faster.171 Therefore, 
researchers are constantly looking for new hydrophobic HTMs172-174 or HTMs with tailored energy 
levels and inherently good charge transport characteristics where additional doping is not 
required.175-179 One promising example employed an HTL made of polymer-functionalized single-
walled carbon nanotubes (SWCNTs) in a PMMA matrix.118 The PMMA layer was an effective 
moisture barrier and allowed the PSCs to withstand direct exposure to running water for a short 
period of time. One example of a dopant free HTM was reported by Kim et al.180 They have shown 
that at 75% RH in the dark and at room temperature their HTM based on benzo[1,2-
b:4,5:b′]dithiophene and 2,1,3-benzothiadiazole was able to protect the perovskite absorber for 
1400 h compared to their control PSCs based on spiro-OMeTAD (900 h, 0% PCE). This improved 
stability of the PSCs is attributed to the hydrophobic HTM and avoiding the use of deliquescent 
and hygroscopic dopants. Similarly, Jiang et al. designed a dopant‐free hydrophobic HTM based 
on CuPc‐OBu (a derivative of copper (II) phthalocyanine (CuPc)) for PSCs which had a PCE of 
17.6%.181 It was found that after exposing the CuPc‐OBu PSCs to 85% RH for 120 h, the devices 
retained 84% of their initial efficiency which was significantly better than their control PSCs where 
they used Li-doped spiro‐OMeTAD as HTM (retained 21% of their initial PCE).   
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In another approach, Xu and co-workers synthesized a dopant-free polymeric HTM (N4,N4′-
di(naphthalen-1-yl)-N4,N4′-bis(4-vinylphenyl)biphenyl-4,4′-diamine) (VNBP) via thermal 
crosslinking.182 Devices made using VNPB achieved a steady-state PCE of 16.5% when coupled 
with MoO3. The VNBP-MoO3 double layer protected the perovskite underneath when exposed to 
70% RH for 30 days.  This moisture resistance was attributed to the excellent barrier properties of 
the crosslinked double-layer HTL.  
Inorganic HTMs like NiOx,183-185 copper gallium oxide (CuGaO2),186 and copper chromium 
oxide (CuCrO2)187 have gained popularity for producing more stable devices with high PCEs.  For 
example, Cao et al. demonstrated the excellent stability of NiOx/CuSCN based PSCs.185 The NiOx 
formed a dense and compact HTL and the PSCs did not show any loss of device performance, 
even after exposure to 50–60% RH for 4 months without encapsulation. Another excellent metal 
oxide HTM is CuGaO2. Zhang et al. used CuGaO2 nanoplates as the HTM and achieved a PCE of 
18.51% with long‐term stability.186 In addition, CuGaO2 NPs based devices showed improved 
stability compared to spiro‐OMeTAD‐based PSCs when aged at 40% RH.187 After aging in air 
over 60 days, the CuCrO2‐based device retained 83% of its original PCE, whereas the PCE of the 
spiro‐OMeTAD‐based PSCs decreased to 24% of its initial value. An overview of PSCs with 




Table 1.1: A survey of HTMs used in PSCs to improve the long-term stability of PSCs with 
relevant parameters such as relative humidity, atmosphere, illumination, and UV irradiation. The 
figures of merit are the initial power-conversion efficiency, the rate of decreasing efficiency (in 
















Control HTL Control 
degradation 
(%) 
118 SWNT-PMMA 50% in air 80 °C 96 15.3 0.0 spiro-OMeTAD 100.0 
175 TTF-1 40% in air ̶ 500 10.0 20.0 spiro-OMeTAD 60.0 
180 RCP 75% in air ̶ 1400 17.3 0.0 spiro-OMeTAD 100.0 
174 SAF-OMe 30% in air ̶ 240 15.2 39.0 spiro-OMeTAD 55.0 
181 CuPc‐OBu 85% RH ̶ 120 17.6 26.0 spiro-OMeTAD 79.0 
182 VNBP-MoO3 70% RH ̶ 480 16.5 ̶ spiro-OMeTAD 0.0 




200 16.3 0.0 spiro-OMeTAD 100.0 
188 P3HT-WBH 85% RH ̶ 1008 22.7 20.0 P3HT 0.0 
184 Cu:NiOx air ̶ 240 15.0 10.0 PEDOT:PSS 70.0 
185 NiOx-CuSCN 50-60% in air ̶ 2880 17.2 0.0 spiro-OMeTAD 35.0 
186 CuGaO2 30-55% in air ̶ 720 18.5 0.0 spiro-OMeTAD 100.0 
187 CuCrO2 > 40% in air ̶ 1440 16.7 17.0 spiro-OMeTAD 86.0 
 Electron-transport Materials (ETMs) 
Similar to HTMs, hydrophobic and modified ETMs can be used as a secondary protection layer 
for the PSCs in addition to their primary function as an effective electron transporter. In the 
common n-i-p type architecture, the ETL lies between the perovskite absorber and the glass 
substrate. The glass substrate being impenetrable to moisture, the ETL is not the route of moisture 
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ingress in unencapsulated cells. However, the choice of ETM can still have a pronounced impact 
on device stability.189 Several studies have indicated that mesoscopic structures ETLs have better 
moisture stability than planar ETLs.73, 189, 190 The relatively thick mesoporous layer better 
encapsulates the perovskite crystallites, thus protecting them from moisture ingress. In the inverted 
p-i-n architecture, the ETL lies on the top of the perovskite layer. Therefore, it can potentially 
serve as a barrier layer for water vapor. Therefore, the stability of p-i-n PSCs can dramatically 
improve with the proper choice of ETM. For example, depositing a dense and smooth ZnO 
(roughness of <2 nm and a particle size of <10 nm) ETL on top of the perovskite improved the 
moisture stability of the PSCs many-fold compared to PCBM based PSCs.191 Another good 
example was demonstrated by Jen and co‐workers who used the hydrothermal method to prepare 
highly crystalline SnO2 nanoclusters (NCs) as an ETL.192 Due to their high degree of crystallinity, 
SnO2 NCs in the PSCs achieved 18.8% PCE with a remarkable stability. The devices were able to 
retain over 90% of their initial efficiency when stored in ambient air with >70% RH for 30 days. 
Other examples of potential barrier ETMs with high performance are CeOx,193 Zn2SnO4,194 and 
Ti(Nb)Ox.89     
 Electrodes 
The top electrode, being the topmost layer of the device stack, can potentially be used as a 
protective barrier if made of hydrophobic and stable materials. Metals, including gold, can lead to 
degradation due to ion migration and eventually corrode, resulting in complete device failure.122, 
125 Carbon-based electrodes lead to more moisture resistant PSCs as they are hydrophobic and less 
susceptible to corrosion. Additionally, carbon is earth-abundant and highly cost-effective. 
Therefore, carbon based electrodes are one of the best choices for a top contact layer. Several 
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studies have demonstrated the impressive stability of PSCs when carbon electrodes were used.195-
198 The stability of different carbon-based top contacts is summarized in Table 1.2. Mei et al.195 
and Hu et al.199 achieved an impressive stability of over 1 year of storage in 54% RH ambient air 
and 1000 h under 1 sun in ambient air by using a combination of a double layer of mesoporous 
TiO2 and ZrO2 as a scaffold, infiltrated with (5-AVA)x(MA)1-xPbI3 [5-ammoniumvaleric acid (5-
AVA)] and a micron-thick carbon electrode. This system showed impressive stability when tested 
outdoors in Jeddah, Saudi Arabia, for 168 hours200 and Wuhan, China, for 720 hours.199 Metal 
oxides are chemically robust and form effective protective coatings, therefore, use of conductive 
metal oxides significantly improves the moisture stability of PSCs (Table 1.2).201-203 For example, 
Kaltenbrunner et al. used a combination metal and metal oxide electrode (Cr2O3/Cr/Au) which led 
to improved device stability.203 The chromium oxide–chromium interlayer acts as a buffer between 
the gold electrode and the MAPbI3 layer, effectively protecting the gold electrode from chemical 
etching caused by Iˉ liberated from the MAPbI3 layer.  
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Table 1.2: Different top contact layer of PSCs and their corresponding stability in humid 
environments. 









195 carbon 54% in air sunlight > 1000 12.8 0.0 
196 carbon 30% in air ̶ 288 11.6 10.0 
197 carbon 40% in air 60 °C 1000 14.9 20.0 
198 carbon in air ̶ 480 13.5 5.0 
203 Cr2O3/Cr/Au ̶ ̶ ̶ 12.0 ̶ 
201 SnOx/ultrathin 
Ag/SnOx 
50% in air ̶ 4500 11.0 19.0 
 Additional Interfacial Layers   
Another way to increase the lifetime of PSCs is to add additional interfacial layers. These extra 
layers strengthen the moisture resistance of the overall device stack. There are several examples 
of this strategy in the literature, and a few of them are discussed in this section (Table 1.3). The 
addition of an alumina (Al2O3) buffer layer between the spiro-OMeTAD HTL and the metal 
electrode has been shown to improve device stability.73, 204, 205 Similarly, Luther et al. added MoOx 
between the HTL and the Al electrode which improved the device stability under ambient 
conditions.206 They hypothesized that a thin layer of aluminum oxide formed at the MoOx ̶ Al 
interface, which was responsible for the increase in lifetime. Arora et al. introduced a conductive 
reduced graphene oxide (rGO) layer at the interface of the CuSCN HTL and the Au 
electrode.207 The hydrophobic rGO layer improved the PSCs lifetime by effectively blocking metal 
diffusion and moisture ingress. Another method is the addition of an organic hydrophobic layer in 
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the device stack to resist moisture ingress.168, 208, 209 However, the addition of these insulators 
decreases charge transport thus decreasing the overall PCE. For inverted device architectures, 
inserting a layer of chemically-stable inorganic metal oxide or nonreactive metal between PCBM 





Table 1.3: Different passivation layers reported to improve moisture resistance of PSCs. 
Reference Interfacial layer Humidity 
(RH) (%) 











204 Al2O3 50% in air ̶ 576 12.9 10.0 100.0 
205 ALD Al2O3 40−70% in 
air 
̶ 1680 18.0 30-40 88.0 
206 MoOx/Al 51.5 ± 1.5% light 100 (mW cm−2) 24 9.8 39.0 100.0 




light 100 (mW cm−2) 
at 60 °C 
1000  20.5 5.0 100.0 
208 alkylalkoxysilane 45% in air ̶ 600 13.7 10 30.0 
209 hydrophobic 
thiols   
45% in air ̶ 250  12 25 100.0 
168 oleic acid  76% in air ̶ 672 9.1 improved 
8.0% 
83.0 





50% in air ̶ 400 12.8 0.0 100.0 
92 ALD‐AZO/Al2O3 20-60% in air light 100 (mW cm−2) 500 18.8 0.5 60.0% in 326 
h 
212 Bi 50% in air 85 °C 6000 18.0 22.0 100.0 
213 carbon quantum 
dots 
50% in air 85 °C 500 17.0 2.0 20.0 
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1.5. Experimental Techniques 
As mentioned earlier, PSCs have the potential for a future breakthrough in the field of 
photovoltaics. However, in order to make that happen device longevity is the key. Scientists are 
working on different ways to improve the longevity of perovskite devices. However, in order to 
do that, it is necessary to find out which parts are the weak links in device stack and how they 
handle/interact with the environmental stress. Therefore, having comprehensive and in-depth 
knowledge about how the PSCs decompose is crucial. Several techniques are being used to study 
the decomposition process. This thesis also uses different techniques such as UV/vis spectroscopy, 
pXRD, AFM, SEM, and grazing incidence wide angle x-ray scattering (GIWAXS). Among them, 
the theory behind GIWAXS is discussed in the following section in details for building a better 
understanding of this technique as it has been used extensively in Chapter 4.  
GIWAXS 
1.5.1.1. Theory 
X-ray Diffraction  
In solid, the distance between two atoms is on the order of a few Ångstroms. Therefore, 
electromagnetic waves in the range of 1-100 Å wavelength (x-ray) have to be used to probe the 
structural arrangement of atoms and molecules in materials. When an incoming x-ray interacts with 
an atom it gets scattered by the electron cloud of the atom. When x-rays are scattered by multiple 
atoms, the scattered x-rays interact with each other resulting in constructive and destructive 
interference. The constructive interference leads to the formation of a characteristic pattern called a 
diffraction pattern and the phenomenon is called diffraction. This pattern depends on the arrangement 
of the atoms in the material. The intensity of the diffraction peaks depends on: (i) the electron density 
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of the elements present in the material. Heavier elements scatter x-rays more strongly than lighter 
elements. (ii) The structure of the substance; i.e., the number of planes (corresponding to each 
peak) present within the material.  
This diffraction of x-rays from a crystalline material can be expressed by Bragg’s law (Equation 
1.14). When two incoming x-rays of wavelength λ are scattered by atoms in a lattice with a spacing 
of d, according to Bragg equation: 
                                                            2𝑑𝑑 sin𝜃𝜃 = 𝑛𝑛𝑛𝑛                                                   Equation 1.14 
where θ is the incident angle of the incoming x-ray with respect to the lattice plane and n is an 
integer. This equation can be used to determine crystallographic information for crystalline 
materials. For example, if the incident angle θ is known, then the d-spacing of a set of lattice planes 
can be calculated (Figure 1.22). The d-spacing is the distance between the lattice planes of atoms 
that give rise to diffraction peaks. Each peak in a diffractogram results from a corresponding d-
spacing. Therefore, a complete diffraction pattern of the material can be obtained. Usually, 
crystalline materials have their unique characteristic diffraction patterns. This can be used to 
differentiate different crystalline materials, making XRD a very powerful tool for solid-state 




Figure 1.22 Bragg’s law: A two-dimensional crystal lattice and a set of imaginary planes is 
represented by the grid. The diffracted x-rays exhibit constructive interference when the distance 
between paths of the incident x-rays and scattered x-rays differs by an integer number of 
wavelength (nλ).   
Bragg’s law can also be written in terms of the x-ray wave vectors. An incident x-ray photon 
with wave vector 𝒌𝒌𝑖𝑖 is scattered by the sample; the scattered photon now has a new wave vector 
𝒌𝒌𝑓𝑓. Therefore, the scattering vector can be defined as:  
                                                                     𝒒𝒒�⃗  = 𝒌𝒌𝒇𝒇����⃗  − 𝒌𝒌𝒊𝒊���⃗                                              Equation 1.15 
In a diffraction pattern, the x-axis is either the diffraction angle in degrees (2𝜃𝜃) or the scattering 
vector (q in Å−1). The relationship between 𝜃𝜃 and q can be expressed as: 
                                                                     |𝒒𝒒�⃗ | = 𝑞𝑞 = 4𝜋𝜋
𝜆𝜆
sin𝜃𝜃                                   Equation 1.16 
where: 
                                                                       |𝒌𝒌𝒊𝒊���⃗ | =  
2𝜋𝜋
𝜆𝜆
                                                Equation 1.17 
or,                                                           
                                                                 2𝜃𝜃 = 2 sin−1 �𝜆𝜆𝑞𝑞
4𝜋𝜋
�                                       Equation 1.18 





where 𝜃𝜃 is the incident angle and 2𝜃𝜃 is the Bragg angle.  
 
Figure 1.23 Scattering vector 𝒒𝒒�⃗  and its relation with wave vectors. 
If the interaction between the x-ray and the sample is elastic, then no energy is gained or lost in 
the scattering process. Then, |𝒌𝒌𝒇𝒇|������⃗  = �𝒌𝒌𝒊𝒊���⃗ �. Therefore, the scattering vector must lie on the surface of 
a sphere of radius 2𝜋𝜋
𝜆𝜆
. This sphere is called the Ewald sphere or sphere of reflection. In reciprocal 
space, the reciprocal lattice points correspond to the values of momentum transfer where the Bragg 
diffraction condition is satisfied. Therefore, for diffraction to occur the scattering vector must be 
equal to a reciprocal lattice vector. Geometrically this implies that diffraction will occur only for 
reciprocal lattice points that lie on the surface of the Ewald sphere.  
The analysis of materials using x-ray diffraction is a powerful characterization technique for 
solid-state materials. Single crystal XRD provides a complete characterization of the solid-state 
structure of a material; however, for fields like photovoltaics, the characterization of 
polycrystalline thin films is generally required. Therefore, powder XRD (pXRD) is used to 
characterize powders and thin films. Single crystal structures can be used as references to analyze 







sample. However, information about amorphous phases cannot be collected from pXRD. In 
addition, pXRD peaks can be broad, which sometimes makes it hard to resolve overlapping peaks. 
This peak broadening is related to crystallite size and strain. The peak broadening due to size of 
the crystallites can be calculated by using the Scherrer equation (Equation 1.19): 
                                                                     𝐷𝐷 =  𝑑𝑑𝜆𝜆
𝛽𝛽 cos𝜃𝜃
                                                Equation 1.19 
where τ is the mean size of coherently scattering domains, 𝑘𝑘 is the shape factor, λ is the x-ray 
wavelength, β is the full width at half maximum of the diffraction peak, and θ is the Bragg angle. 
Other factors responsible for peak broadening are related to instrumental conditions which include 
the beam spot size and divergence, sample size, and the resolution of the detector.  
1.5.1.2. GIWAXS 
GIWAXS is a variation of pXRD. The major differences between these two techniques are: (i) 
in pXRD the x-ray beam hits the sample at a higher angle, whereas in GIWAXS the x-ray beam 
hits the surface of the sample at a very shallow angle (0.1 - 3°). This increases the path length of 
the x-ray beam resulting in an increase in signal to noise ratio. (ii) GIWAXS is a two-dimensional 
x-ray diffraction (XRD2) technique which uses a two-dimensional (2D) area detector. The data 
recorded by the 2D detector are represented in reciprocal space and defined by the scattering vector 
𝑞𝑞.    
The GIWAXS experiments for this thesis were carried out using at the Hard X-ray 
MicroAnalysis (HXMA) beamline of the Canadian Light Source (CLS), a synchrotron radiation 
source. A synchrotron is a type of particle accelerator in which the accelerating particle beam 
travels in a cyclic closed-loop path. When charged particles like electrons are forced to change 
direction they emit electromagnetic radiation. In a synchrotron facility, pulses of electrons are 
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generated by passing very high voltage (~200,000 volts) through a heated electron gun made of 
tungsten-oxide. The electrons are then accelerated (electron energy ~ 250 MeV) by a linear particle 
accelerator. Once injected, the pulses of electrons are accelerated around a booster ring to increase 
their energy to ~ 2900 MeV. Then the electrons are transferred to the storage ring where their path 
is bent by powerful magnets. This causes the electrons to emit photons as synchrotron light which 
is collected by the beamlines and used for specific experiments. At the CLS, insertion devices 
(HXMA uses a 63 pole superconducting wiggler) are used to further increase the brightness of the 
light. Even though the storage ring is under very high vacuum (~10-11 Torr), the ring current 
decreases over time. Therefore, the injection of electrons at regular intervals is required to keep 
the ring current stable. Usually, the intensity and energy distribution of the light depends on the 
synchrotron operating energy (order of few GeV) and ring current (in 100’s of mA range). The 
operating energy and ring current at the CLS is generally 2.9 GeV and 140-230 mA, respectively.  
At the HXMA beamline, the synchrotron light passes through the optics hutch before it gets 
delivered to the end station for use. The optical hutch consists of several optical instruments 
including apertures that block the scattered beam, filters that remove lower and higher energy 
photons, and a monochromator which selects the light of only one wavelength. Then the selected 
wavelengths of x-rays are focused by the mirrors in the optics hutch and the beam size is set 
through a vertical and horizontal slit and sent to the end station. When low energy x-rays are used 
additional flight tubes and a sample chamber with either a helium or vacuum atmosphere is 
required to decrease scattering caused by air.    
In this thesis, the perovskite thin films were characterized using an energy of 17.99 keV (Zr K 
edge, 𝑛𝑛 ≈ 0.6889 Å). To collect the diffraction pattern a MAR 165 CCD area detector was used 
which was placed ~15 cm away from the sample. For the GIWAXS experiments, a custom built 
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gas-tight sample chamber was mounted to an 8 circle psi diffractometer (Figure 1.24). The sample 
was placed at the origin of the laboratory 𝑳𝑳 = [?̂?𝒍𝒙𝒙 ?̂?𝒍𝒉𝒉 ?̂?𝒍𝒛𝒛] and sample 𝑺𝑺 = [𝒔𝒔�𝒙𝒙 𝒔𝒔�𝒉𝒉 𝒔𝒔�𝒛𝒛] 
coordinate systems. For accurate positioning of the sample in the path of the incident x-ray beam 
(coming from y-axis direction), with the desired angle of incidence, the sample stage and the 
diffractometer have several motors. The sample height can be adjusted by controlling the 
movement of the sample stage along the z-axis (z transition). To align the sample with respect to 
the incident beam and to define the angle of incidence, eta is used (Figure 1.24). For additional 
control of rotation in and out of the xy plane (i.e., roll), delta and phi are used. Similarly, for yaw 
(moving in xy plane) mu and nu is used. The x-ray penetration depth within the perovskite film 
depends on the incident angle of the incoming beam (for a fixed energy x-ray). When the incident 
angle (𝛼𝛼i) is below the critical angle (𝛼𝛼c) the beam is fully reflected from the film. Therefore, the 
x-rays only probe the first few nanometers of the film surface. In order to measure the bulk of the 
film, the incident angle must be above the critical angle (𝛼𝛼i > 𝛼𝛼c). For the purpose of this thesis, the 
incident angle (𝛼𝛼i) was set to 1.5° which is above the critical angle. Therefore, the bulk of the 




Figure 1.24 An illustration of the diffractometer used in the GIWAXS experiment at the beamline 
of CLS.  
Prior to data processing, calibrations were performed to extract the sample-detector distance by 
using the Matlab based software GIXSGUI (written and distributed by Zhang Jiang)214 and 
Datasqueeze. For calibration, standard diffraction patterns of silver behenate or lanthanum 
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hexaboride are collected. The diffraction patterns of these standards are known with accuracy. Then, 
with the help of the GIXSGUI and Datasqueeze the calibration is performed.  
The raw data from the 2D area detector consists of a two-dimensional matrix of scattered intensities 
which is saved as an image file (Figure 1.25a). Therefore, for data interpretation the image coordinates 
need to be converted into scattering vector coordinates. The advantage of using scattering vector (as 
opposed to 2θ) is that it is independent of the wavelength of incident light and depends only on the 
d-spacing of the material (Equation 1.20). Therefore, the scattering vector geometry is particularly 






Figure 1.25 Data processing: (a) raw diffraction pattern as collected by a 2D detector, (b) the same 
diffraction pattern after reshaping with respect to qz and qr, (c) the same diffraction pattern after 
reshaping and accounted for the missing wedge along the qz. 
In grazing-incidence geometry, the true qz axis is not being probed. This is because the signal 
observed on the 2D area detector comes from the intersection of the Ewald sphere with the 
reciprocal-space peaks, and the Ewald sphere curves away from the qz axis. This results in a 
missing wedge along qz in the detector image as shown in Figure 1.25c.  
                                                                  𝑞𝑞 =  2𝜋𝜋
𝑑𝑑
                          Equation 1.20 
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The scattering vector 𝒒𝒒𝒒𝒒 is tridimensional, thus it can be reduced into its component vectors, qx, 
qy, and qz. When considering the GIWAXS patterns in 2D Cartesian coordinates, the qx and qy 
vectors are in the plane of the substrate (xy plane); they can be represented by qr. The relationship 
of qr to qx and qy is defined by Equation 1.22 (Figure 1.26): 
                              𝑞𝑞𝑟𝑟 = �(𝑞𝑞𝑥𝑥2 + 𝑞𝑞𝑦𝑦2)                                            Equation 1.21 




                                              Equation 1.22 
where 𝑞𝑞 is the absolute value of the scattering vector and 𝜒𝜒 is the azimuthal angle.  
 
 
Figure 1.26 Schematic diagram of grazing-incidence scattering geometry in the sample reference 
frame. Reproduced with permission of the International Union of Crystallography from reference 
214. 
In the GIWAXS diffraction pattern, an isotropic distribution of crystallites leads to a ring-like 
diffraction pattern with equal intensity across qz and qr (Figure 1.27a). However, if there is a 
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preferential orientation of the crystallites, the diffraction pattern has reduced intensity at specific 
parts of the diffraction ring (Figure 1.27b). Depending upon the preferential orientation of the 
lattice planes the intensity increases or decrease along qz or qr (parallel or perpendicular to the 
substrate). For example, for a highly crystalline film with particular lattice planes crystallites oriented 
parallel to the sample surface, the scattering intensity is greater along the qz axis (Figure 1.27c). 
 
 
Figure 1.27 Illustration of film crystallinity and the corresponding GIWAXS patterns of: (a) 
crystallites with isotropic distribution, (b) crystallites with out-of-plane preferential orientation, 
(c) crystallites with highly oriented out-of-plane preferential orientation. 
1.5.1.3. GIWAXS as a Tool to Study Lead Halide Perovskites 
GIWAXS has been used to study different crystalline materials in the photovoltaic field.215-219 
One of the well-studied examples is semicrystalline P3HT and its preferential orientation.216, 220-
223 In the field of PSCs, GIWAXS has been used to study either the decomposition mechanism68, 
224 or to follow the film formation mechanism.80, 82, 225-229 In addition to perovskite layers, it has 
also been used to probe different layers of the perovskite device stack.207, 215, 230, 231 Early studies 
were conducted by Tan and coworkers where they monitored the perovskite crystallization process 











formation mechanism of MAPbClxI3-x on a mesoporous Al2O3 scaffold from different precursor 
solutions. During their studies, they found that an unknown intermediate phase formed within a 
few minutes of casting which then disappeared to form a pure perovskite phase. However, over-
annealing of the perovskite film led to the decomposition of the perovskite phase by forming PbI2. 
In a follow-up study, Saliba et al. used GIWAXS to fine-tune the annealing conditions by 
analyzing the film morphology after different thermal annealing conditions.225 They found that 
short rapid annealing at 130 °C resulted in larger micron-sized perovskite domains resulting in 
better performing devices for planar PSCs. 
Realizing the potential of GIWAXS, Yang et al. performed a series of in situ experiments to 
monitor the changes in MAPbI3 films when subjected to harsh environmental conditions.68 In their 
first paper, they subjected MAPbI3 to humid atmosphere (98% RH at 22 °C) while collecting 
diffraction data.68 According to their study, MAPbI3 decomposes to PbI2 via an intermediate 
hydrate phase. In a follow-up study, they used GIWAXS for screening better ETMs among 
different metal oxide supports: planar TiO2, mesoporous TiO2, or mesoporous Al2O3.189 Here, they 
used GIWAXS as a tool to follow the degradation kinetics and compare the stability of the various 
ETMs/MAPbI3 bilayers. The mesoscopic scaffolds, due to better encapsulation can delay the 
formation of the monohydrate phase, and were better able to protect the perovskite films. In 
another work, they took advantage of in situ GIWAXS to probe the instability of ZnO/MAPbI3 
films when heated at 100 °C in air.79 Due to the presence of surface hydroxyl groups on the ZnO 
surface, the MAPbI3 decomposed faster than calcinated ZnO.  
More complicated operando measurements have, GIWAXS is proven to be a useful tool to study 
how structural changes affect device performance.224, 226, 232 For example, Schelhas et al. used 
operando GIWAXS to probe the effect of the tetragonal-to-cubic phase transition on MAPbI3-
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based PSCs.232 They found that MAPbI3 PSCs have a high degree of tolerance to the phase change 
as no significant change in PCE was observed. This kind of operando experiment was even used 
to monitor the change in PCE of PSCs during the formation and crystallization process of the 
perovskite.226 Another excellent example of an operando GIWAXS experiment was carried out by 
Fransishyn et al. in a humid atmosphere.224 Their results showed that the choice of the electrode is 
important for PSC stability. Due to humidity-induced iodide ion migration, silver electrodes 
corrode much faster than gold electrodes. Furthermore, their work revealed that at high humidity, 
high temperature leads to the suppression of both intermediates and byproducts.    
1.6. Thesis Objectives 
The major challenge for the PSC field is long-term stability. The goal of this thesis is to address 
this issue and to improve the longevity of PSCs. This is discussed over the course of three chapters. 
This thesis describes how different hydrophobic HTMs were synthesized, modified and applied in 
solar devices to improve their lifetime, and how different lead halide perovskite compositions were 
screened for their moisture resistance, with the goal of finding a stable composition to improve 
device lifetime.    
The HTL is one of the major components of a PSC and is critically important to device 
performance. The most common HTMs used in high performance PSCs are spiro-OMeTAD and 
PTAA, but these HTMs leave the devices more susceptible to moisture. Therefore, new 
hydrophobic HTMs are needed to improve stability. P3HT is one of the HTMs which is proven to 
help protect the perovskite. Chapter 2 describes how new polythiophene-based HTMs were 
synthesized by modifying the side chains of P3HT with different alkyloxy groups. This resulted in 
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a range of HTMs with different degrees of hydrophobicity. The effect of the different side chains 
is discussed in terms of their ability to protect thin films of MAPbI3.  
In Chapter 3, a new HTL for PSCs was used to solve the problem of moisture stability. 
Chapter 2 revealed that fluorinated polythiophines could improve the perovskite lifetime 
significantly, but the device performance was poor. Therefore, a new HTL was prepared  ̶  a poly(3-
hexylthiophene) nanowire network in a PMMA matrix. Stability tests on different devices (with 
both silver and gold electrodes) were carried out at high humidity.  
Ultimately, even with good barrier layers, without having a robust perovskite composition 
it is impossible to fully solve the issue of device stability. There are many possible compositions 
that use cations like MA, FA and Cs, and anions such as I, Br, and Cl. These compositions have 
different chemical stabilities. Chapter 4 discusses screening these perovskite compositions for 
their moisture-resistance using in situ UV-visible spectroscopy. The Chapter also discusses the 
decomposition mechanisms of different perovskite compositions as revealed by in situ GIWAXS 
experiments. 
Finally, Chapter 5 gives a comprehensive overview of the work described in this thesis. 
This chapter places the contribution of this thesis in the context of PSC field. It also provides future 




2. Hydrophobic Polythiophene Hole-transport Layers 
to Address the Moisture-induced Decomposition 
Problem of Perovskite Solar Cells 
2.1. Introduction 
As discussed in Section 1.3 and 1.4, the moisture sensitivity of MAPbI3 leads to decomposition; 
therefore, physical protection of MAPbI3 can lead to better stability for PSCs. Several approaches 
have been used to improve PSC stability such as device encapsulation, changing the perovskite 
composition, and the addition of interfacial layers and have been discussed in detail in Section 1.4. 
One of the most interesting strategies is to take advantage of the layers that are already a part of 
the device architecture such as the top electrode, ETLs, or HTLs. Hydrophobic carbon-based top 
electrodes or mesoscopic alumina or titania scaffolds have successfully been used to help stabilize 
the devices (discussed in detail in the Section 1.4). However, one of the most popular strategies is 
to use an interfacial layer that can act as both a water vapor barrier and a HTL. In the conventional 
PSC architecture, the HTL lies directly on top of the perovskite layer. The work discussed in this 
chapter uses HTL to stabilize the PSC.  
   In the literature different hydrophobic HTMs have been synthesized and used to produce PSCs 
with longer lifetime. The most commonly used HTMs are spiro-OMeTAD, PTAA, and P3HT. 
Among these HTLs, P3HT has proven to be an effective vapor barrier.68, 170 A study conducted by 
Yang et al. on MAPbI3/HTMs bilayers at 98% relative humidity with these three HTMs showed 
that the spiro-OMeTAD-coated film degraded more rapidly than the films coated with the other 
two HTMs.65 The film (with spiro-OMeTAD) degradation was even faster than the bare perovskite 
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film without any HTM. The P3HT-coated film had the highest stability followed by the PTAA-
coated film. Their in situ UV-visible decomposition kinetics studies even showed a delay in the 
onset of decomposition for the P3HT-coated MAPbI3 film. This suggests that the P3HT coating is 
able to resist moisture ingress for a few hours (Figure 2.1a).  
 
Figure 2.1 (a) Normalized absorbance at 410 nm as a function of time for MAPbI3 (open circles), 
MAPbI3/spiro-OMeTAD (open squares), MAPbI3/PTAA (open diamonds), and MAPbI3/P3HT 
(open triangles) films exposed to a 98 ± 2% RH environment at 22.8 ± 0.5 °C. Reproduced with 
permission of the American Chemical Society from reference (68). (b) Schematic diagram of dense, 
crystalline  regioregular P3HT. The lamellae of polymer chains in the ac plane are stacking to the 
b axis, which corresponds to the longitudinal axis of nanofibers, by π - π interaction. Reproduced 
with permission of the American Physical Society from reference (233). 
This observation can be rationalized in terms of the ability of the HTM to form a uniform, 
pinhole free, dense film on top of the perovskite layer. The formation and decomposition of the 
perovskite film involves large volume changes which eventually leads to an increase in mechanical 
stress on HTMs.234 Spiro-OMeTAD is a small molecule and it has a nonplanar twisted geometry. 
It cannot form a dense, regular film. Due to its poor mechanical properties it can easily develop 
cracks. Moisture can easily penetrate it, making the perovskite underneath vulnerable to 
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decomposition. In addition, a large amount of hygroscopic lithium salt is used as a dopant to 
improve the conductivity of spiro-OMeTAD. This helps absorb more moisture, thus contributing 
to the poor protection ability of spiro-OMeTAD. Even though PTAA is a polymer, due to its lower 
molecular weight (Mn ~ 7-10 kDa) and lack of efficient packing it cannot form dense, pinhole free 
films. So, moisture can go through it. On the other hand, regioregular P3HT can form dense, 
pinhole free, crystalline film due to interdigitation of the regioregular alkyl chains and π-π stacking 
of the thiophene backbones (Figure 2.1b).233  This efficient packing of P3HT helps to provide 
better protection to the underlying MAPbI3 layer.  
Given that P3HT increases the stability of the MAPbI3 layer, here I have used a similar 
polythiophene-based system which has perfluorinated alkyl chains (P3OFHT) instead of hexyl 
chains (Figure 2.2).  Perfluorinated alkyl derivatives are usually more hydrophobic than normal 
hydrocarbons. 235 236 Therefore, this new perfluorinated polythiophene P3OFHT should be more 
hydrophobic than P3HT. Thus it has the potential to improve the longevity of the MAPbI3 based 
PSCs. In order to study the effect of installing hydrophobic perfluorinated side chains in the 
polythiophene system thoroughly, four different polythiophenes of varying hydrophobicity were 
synthesized with different side chains. The side chains range from hydrophilic (triethylene glycol 
methyl ether), through standard hydrocarbons (hexyloxy, dodecyloxy), to extremely hydrophobic 
(highly fluorinated hexyloxy) (Figure 2.2). All four polymers (alongside commercially available 
P3HT) were evaluated for their ability to act as HTLs in PSCs and also for their ability to reduce 
the rate of moisture ingress into the underlying perovskite layer. In situ UV–vis spectroscopy was 




Figure 2.2 Structures of the poly(3-alkoxythiophene) HTLs, arranged in order from hydrophobic 
to hydrophilic (left to right, respectively). 
Section 2.2 and Section 2.3. were adopted with permission from Kundu S.; and Kelly T. L. Can. 
J. Chem. 2019, 97, 435-441. Copyright 2019 Canadian Science Publishing.237  
2.2. Experimental Section 
Materials 
All solvents were analytical grade and were purchased from Fisher Chemicals and used as 
received, except where noted below. All other reagents were used as received, without further 
purification. All reactions were carried out under an argon atmosphere using standard Schlenk 
techniques, unless otherwise stated. Toluene, DMF, and THF were dried over activated 3 Å 
molecular sieves and stored under nitrogen. 3-Methoxythiophene, 1H,1H,2H,2H-perfluorohexan-
1-ol, 1-dodecanol, 1-hexanol, 2-(2- (2-methoxyethoxy)ethoxy)ethanol, p-toluenesulfonic acid 
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monohydrate, copper(I) chloride, sodium metal, 1,3-dibromo-5,5-dimethylhydantoin, [1,3-
bis(diphenylphosphino)propane]dichloronickel(II), lead(II) iodide (99%), methylamine (37% in 
absolute ethanol), hydriodic acid (57% in H2O), TBP (96%) and Li-TFSI (99%) were purchased 
from Sigma-Aldrich. Zinc acetate dihydrate was purchased from Alfa Aesar. 3-Bromothiophene 
was purchased from Matrix Scientific. P3HT (electronic grade, Mw ~ 50 kDa) was purchased from 
Rieke Metals Inc. ITO-coated glass (Rs = 20 Ω·sq–1) substrates were purchased from Delta 
Technologies, Ltd. Ag pellets (99.99%) were purchased from Kurt J. Lesker. 
 Synthesis 
2.2.2.1. Synthesis of 3-((3,3,4,4,5,5,6,6,6-Nonafluorohexyl)oxy)thiophene (1) 
3-((3,3,4,4,5,5,6,6,6-nonafluorohexyl)oxy)thiophene (1) was synthesized according to 
previously reported procedure.238 3-Methoxythiophene (1.70 mL, 17.5 mmol) was placed in a 100 
mL two-necked round bottom flask and dissolved in 15 mL dry toluene. To it, 3,3,4,4,5,5,6,6,6-
nonafluorohexan-1-ol (5.81 mL, 35.0 mmol) was added, followed by addition of p-toluenesulfonic 
acid (0.33 g, 1.80 mmol). Then the reaction mixture was heated at reflux under argon atmosphere 
for 24 hours. After the completion of the reaction, checked by TLC, 50 mL DCM was added to 
the reaction mixture and it was transferred to a 125 mL separating funnel and washed with distilled 
water (30 mL × 2). The organic layer was dried over anhydrous magnesium sulfate and 
concentrated to dryness. The crude product was purified by column chromatography using hexane 
as eluent to give a colorless liquid 1 (30 %).   
Yield 1.81 g, 5.25 mmol, 30%  
1H NMR (500 MHz, CDCl3, δ ppm): 7.24-7.19 (m, 1H), 6.75-6.74 (m, 1H), 6.3.-6.29 (m, 1H), 
4.25 (t, J = 6.53 Hz, 2H), 2.65-2.57 (m, 2H). 
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2.2.2.2. Representative Synthesis of 3-(Alkoxy)thiophenes (2-4) 
3-Hexyloxythiophene (3) was synthesized by following the literature procedure.239 First, sodium 
hexoxide was prepared in situ by slowly adding dry 1-hexanol (75 mL) and sodium (147 mmol, 
3.38 gm). After the complete disappearance of Na, dry DMF (20 mL) was added to the reaction 
mixture as a co-solvent. Then 3-bromothiophene (6.89 mL, 73.6 mmol) was slowly added to the 
reaction mixture followed by catalytic amount of copper (I) chloride (1.09 g, 11.0 mmol). The 
reaction mixture was allowed to stir continually for 0.5 hours at 110 °C under argon. After the 
reaction was completed, checked by TLC, the reaction mixture was poured into water and extracted 
with diethyl ether and concentrated under vacuum. The products were purified by fractional 
distillation in order to yield 85% of 3-hexyloxythiophene (3).  
Yield 11.53 g, 62.56 mmol, 85%  
1H NMR (500 MHz, CDCl3, δ ppm): 7.16 (dd, 1H), 6.75 (dd, 1H), 6.22 (dd, 1H), 3.94 (t, J = 6.53 
Hz, 2H), 1.80-1.74 (m, 2H), 1.36-1.31 (m, 6H), 0.92-0.89 (m, 3H).   
3-dodecyloxythiophene (2) and 3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene (4) were 
prepared following same procedure using 1-dodecanol, 2-(2-(2-methoxyethoxy)ethoxy)ethanol) 
respectively.  
3-dodecyloxythiophene (2) 
Yield 17.58 g, 65.50 mmol, 89%  
1H NMR (500 MHz, CDCl3, δ ppm): 7.20 (dd, 1H), 6.80 (dd, 1H), 6.27 (dd, 1H), 3.97 (m, J = 6.53 
Hz, 2H), 1.85-1.80 (m, 2H), 1.37-1.34 (m, 18H), 0.99-0.95 (m, 3H).  
3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene (4)  
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Yield 14.86 g, 60.35 mmol, 82%  
1H NMR (500 MHz, CDCl3, δ ppm): 7.16 (dd, 1H), 6.77 (dd, 1H), 6.26 (dd, 1H), 4.12 (t, J = 4.7 
Hz, 2H), 3.84 (t, J = 4.9 Hz, 2H), 3.74-3.72 (m, 2H), 3.79-3.65 (m, 4H), 3.56-3.54 (m, 2H), 3.38 
(s, 3H). 
 
Scheme 2.1 Synthesis of poly(3-alkoxythiophenes). 
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2.2.2.3. Representative Synthesis of 2,5-Dibromo-3-alkoxythiophene (5-8) 
Bromination of 3-alkyoxythiophene was performed using dibromatin as a brominating agent by 
following the literature procedure.240 First, 3-hexyloxythioplene (3) (3.15 g, 17.0 mmol) was 
dissolved in 50 mL of anhydrous THF. Then the reaction mixture was cooled to -78 °C. To it, 1,3-
dibromo-5,5-dimethylhydantoin (5.35 g, 18.7 mmol ) was added and then the reaction mixture was 
stirred for 0.5 hours at -78 °C under argon atmosphere. Then the low-temperature bath was 
removed and the reaction was continued for another 2 h at room temperature. After the reaction 
was complete, as monitored by TLC, the solvent was removed by rotary evaporation. Then, the 
residue was transferred into a filter paper and washed several times with hexanes. The filtrate was 
concentrated at reduced pressure. The product was purified by column chromatography using 
hexanes as an eluent to yield 85-90%.  In order to prevent any radicle side reactions activated 
charcoal was added and finally the product was stored at 0 °C in dark for future use.  
2,5-dibromo-3-((3,3,4,4,5,5,6,6,6-nonafluorohexyl)oxy)thiophene (5)  
Yield 7.28 g, 14.45 mmol, 85%  
1H NMR (500 MHz, CDCl3, δ ppm): 6.75 (s, 1H), 4.25 (t, J = 6.53 Hz, 2H), 2.65-2.57 (m, 2H). 
2,5-dibromo-3-dodecyloxythiophene (6) 
Yield 6.52 g, 15.30 mmol, 90%  
1H NMR (500 MHz, CDCl3, δ ppm): 6.78 (s, 1H), 4.01 (m, J = 6.53 Hz, 2H), 1.79-1.48 (m, 2H), 
1.48-1.30 (m, 18H), 0.93-0.89 (m, 3H). 
2,5-dibromo-3-hexyloxythiophene (7)  
Yield 5.22 g, 15.30 mmol, 90%  
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1H NMR (500 MHz, CDCl3, δ ppm): 6.76 (s, 1H), 3.99 (t, J = 6.60 Hz, 2H), 1.76-1.70 (m, 2H), 
1.46-1.42 (m, 6H), 0.92-0.89 (m, 3H). 
2,5-dibromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene (8) 
Yield 5.84 g, 14.45 mmol, 85%  
1H NMR (500 MHz, CDCl3, δ ppm): 6.79 (s, 1H), 4.15 (t, J = 3.9 Hz, 2H), 3.79 (t, J = 4.0 Hz, 2H), 
3.72-3.71 (m, 2H), 3.67-3.64 (m, 4H), 3.56-3.54 (m, 2H), 3.38 (s, 3H). 
2.2.2.4. Representative Synthesis of Poly(3-alkoxythiophenes) (9-12) by 
Grignard Metathesis (GRIM) 
The GRIM polymerization was done by following the reported procedure by McCullough.240 
First cyclohexylmagnesium chloride solution (2.59 mL, 2M) was slowly added to 2,5-dibromo-3-
hexyloxythiophene (7) (1.76 g, 5.17 mmol) in dry THF  (50 mL) under argon atmosphere. The 
reaction mixture was allowed to stir continuously for 0.5 hours after which a catalytic amount of 
Ni(dppp)Cl2 (42 mg, 0.078 mmol) previously dissolved in anhydrous THF (2 mL) was added via 
syringe. The reaction mixture was stirred continuously at gentle reflux under argon atmosphere for 
24 hours. Then the polymer was precipitated by the addition of 200 mL methanol and purified by 
Soxhlet extraction by using methanol, hexanes, and chloroform in sequence. The chloroform 
fraction was concentrated and then was dried over high vacuum to give the desired polymer 
(P3OHT).    
Poly(3-((3,3,4,4,5,5,6,6,6-nonafluorohexyl)oxy)thiophene) (P3OFHT) Yield 0.256 g  
1H NMR (600 MHz, CDCl3, δ ppm): 6.91-6.85 (s), 4.43-4.41 (t), 2.71 (m) 
Poly(3-dodecyloxythiophene) (P3ODDT) Yield 0.402 g 
72 
 
1H NMR (600 MHz, CDCl3, δ ppm): 6.93 (s), 4.19 (m), 1.91 (m), 1.70 (m), 1.57 (m), 1.27 (m), 
0.89 (s) 
Poly(3-hexyloxythiophene) (P3OHT) Yield 0.351 g 
1H NMR (600 MHz, CDCl3, δ ppm): 6.86 (s), 4.09-3.97 (m), 1.85-1.76 (m), 1.58-1.26 (m), 0.94-
0.87 (m) 
Poly(3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene) (P3OEGT) Yield 0.324 g 
1H NMR (600 MHz, CDCl3, δ ppm): 6.96 (s), 4.33-3.31 (m) 
2.2.2.5. Synthesis of ZnO Nanoparticles 
ZnO nanoparticles were synthesized by previously reported procedures.241, 242 Zinc acetate 
dihydrate (2.95 g, 13.4 mmol) was first dissolved in methanol (125 mL) at 70 °C followed by the 
addition of a solution of KOH (1.48 g, 23 mmol) in methanol (65 mL) over a period of 10-15 
minutes. The reaction mixture was allowed to stir continuously at 65 °C for an additional 2.5 h. 
The reaction mixture was allowed to cool down to room temperature and the precipitate was 
washed twice with methanol (2 × 50 mL). Finally, chloroform (10 mL), n-butanol (50 ml) and 
methanol (5 ml) were added to prepare a translucent dispersion of ZnO nanoparticles (~ 6 mg/mL). 
The solution was filtered using a 0.45 µm PVDF syringe filter prior to use. 
2.2.2.6. Synthesis of Methylammonium Iodide 
Methylammonium iodide was synthesized according to literature procedures.41, 243 First, a solution 
of methylamine (30 mL, 37% in EtOH) was added to 200 mL of ethanol and cooled to 0 °C, 
followed by the dropwise addition of hydriodic acid (30 mL). The reaction mixture was allowed 
to stir continually at 0 °C for 2 h. The product was recovered by removing the solvent on a rotary 
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evaporator at 50 °C for 1 h. It was washed with diethyl ether (3 × 50 mL), dissolved in ethanol (50 
mL), and reprecipitated in diethyl ether to obtain crystalline methylammonium iodide. The powder 
was dried under high vacuum for 1 day at 65 °C. 
 Solar Cell Fabrication 
Solar cells were fabricated by following previously reported procedures (Figure 2.3).244 ITO-
coated glass substrates were cleaned by sequentially sonicating them for 20 min in 2% Extran 300 
detergent, acetone, and isopropanol followed by drying in an oven at 120 °C for 2 h. A thin ZnO 
nanoparticle layer was deposited by spin-coating onto the substrate at 3000 rpm for 30 s from a 
solution of 6 mg·mL−1 in n-butanol. This procedure was repeated three times in order to produce 
a uniform film. To form the methylammonium lead iodide perovskite layer a two-step sequential 
method was adopted. First, a thin layer of lead iodide was spin-coated on top of ZnO layer at 3000 
rpm for 15 s from a lead iodide solution (dissolved in N,N-dimethylformamide at a concentration 
of 460 mg·mL−1).  Then the substrate was dipped into a solution of CH3NH3I in 2-propanol (10 
mg·mL−1) for 3 minutes. The substrate was spin-dried at 3000 rpm for 25 s. For the deposition of 
different HTLs, five solutions containing five different polymers were prepared. All HTLs were 
deposited using the same spin conditions (spin-coated at 1000 rpm for 25 s). A solution of Li-TFSI 
(28 mg Li-TFSI/1 mL acetonitrile) was used as a dopant to improve the conductivity of the polymer 
layers. All polymer HTLs were prepared by dissolving appropriate amount of polymers (P3OFHT 
(10 mg·mL−1, LiTFSI 6.66 μL, TBP 3.33 μL), P3ODDT (15 mg·mL−1, LiTFSI 13 μL, TBP 7.5 
μL), P3OHT (10 mg·mL−1, LiTFSI 6.66 μL, TBP 3.33 μL), P3HT (20 mg·mL−1, LiTFSI 6.66 μL, 
TBP 3.33 μL), P3OEGT (15 mg·mL−1, LiTFSI 6.66 μL, TBP 3.33 μL)) in 1 mL of chlorobenzene 
overnight.  For only P3OFHT based devices,, an additional layer of molybdenum oxide (~ 5 nm 
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thick) was deposited by thermal evaporation at a base pressure of 2 × 10−6 mbar. Finally, a silver 
electrode was deposited by thermal evaporation at a base pressure of 2 × 10−6 mbar. 
 
Figure 2.3 Schematic of fabrication of solar cells. 
 Characterization: 
2.2.4.1. 1H NMR and 13C NMR 
NMR spectra were recorded using a Bruker Avance 500 MHz and 600 MHz spectrometers.  
2.2.4.2. UV-visible Spectroscopy 
UV-visible spectra were obtained using a Cary 6000i UV-Visible spectrophotometer in CHCl3 
and on solid-state films.  
2.2.4.3. Powder X-ray Diffraction 
Powder x-ray diffraction measurements were carried out on a PANalytical Empyrean 
diffractometer configured using a cobalt (λ = 1.79 Å) x-ray source. The data were collected with 




2.2.4.4. Scanning Electron Microscopy 
Scanning electron microscopy was carried out on a Hitachi SU8010 microscope operating at a 
1.0−5.0 kV landing voltage under high vacuum.  
2.2.4.5. Gel Permeation Chromatography (GPC) 
Molecular weights of the polymers were acquired by triple detection gel permeation 
chromatography (GPC) using a Viscotek 350 HT-GPC system (Malvern) using tetrahydrofuran as 
the eluent at 1.0 mL min–1 flow rate. The instrument is equipped with an autosampler (Model 430 
Vortex), a degasser (model 7510), two pumps (model 1122), 7 and 90° light-scattering detectors, 
refractometer, and viscometer. Three types of GPC columns (three main columns: Plgel 10 mm 
MIXED-B LS 300 × 7.5 mm; one guard column: 10 mm GUARD 50 × 7.5 mm; Agilent 
Technologies) were used to cover the range of Mw of 500 to 10 000 000 g·mol–1. To prepare the 
samples, first the polymers were dissolved in THF with stirring overnight, and then filtered through 
0.45 mm PTFE syringe filters just before GPC analysis. The apparent molecular weights and 
dispersities (Đ = Mw/Mn) were calculated with a calibration based on linear polystyrene standards. 
2.2.4.6. Solar Cell Characterization 
The performance of the devices was measured using a Keithley 2400 source-measure unit and a 
450 W Class AAA solar simulator equipped with an AM1.5G filter (Sol3A, Oriel Instruments) 
inside a nitrogen filled glovebox  (<0.1 ppm O2 and H2O). The illumination intensity was adjusted 
to 100 mW·cm−2 as determined by a standard silicon reference cell (91150V, Oriel Instruments). 
A non-reflective metal mask was used to define the effective area of the device to be 0.0708 cm2. 
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2.2.4.7. Water Vapor Stability Tests 
A stream of nitrogen carrier gas was bubbled through water in order to generate a stream of 
saturated (99 ± 1% relative humidity (RH)) water vapor. This flowed into a custom-built sample 
holder (for in situ absorbance spectroscopy, Figure 2.4) The RH and temperature were measured 
downstream of the sample chamber by an RH-USB humidity sensor (Omega).  
 
Figure 2.4 Schematic illustration of the RH control setup for in situ UV/vis spectroscopy. 
2.3. Results and Discussion 
Synthesis and Properties of the Polymers 
To determine what effect the hydrophobicity of the HTL has on the moisture resistance of the 
perovskite layer, I synthesized four different poly(3-alkoxythiophenes) with side chains of varying 
hydrophobicity. The four polymers synthesized for this study were as follows: poly(3-
(3′,3′,4′,4′,5′,5′,6′,6′,6′-nonafluorohexyl-1′-oxy)thiophene) (P3OFHT), poly(3-
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methoxyethoxy)ethoxy)ethoxy)thiophene) (P3OEGT) (Figure 2.2). Commercially sourced P3HT 
was used as a comparator. Of the polymers studied, P3OFHT is reported here for the first time; 
the others have been reported previously for applications in organic solar cells and (or) organic 
thin film transistors.108, 240, 245, 246 An alkyl-exchange reaction was used to prepare the most 
hydrophobic monomer, 3-(3′,3′,4′,4′,5′,5′,6′,6′,6′-nonafluorohexyl-1′-oxy)thiophene (1); 3-
methoxythiophene and 1H,1H,2H,2H-perfluorohexan-1-ol were combined in the presence of a 
catalytic amount p-toluenesulfonic acid in dry toluene to yield 1 (Scheme 2.1). In contrast, the 
synthesis of monomers 2–4 started from commercially available 3-bromothiophene, which was 
reacted with the appropriate sodium alkoxide in the presence of a catalytic amount of copper(I) 
chloride. This second approach is higher yielding but uses a large excess of the appropriate alcohol 
as both a reagent and the co-solvent; the high cost of 1H,1H,2H,2H-perfluorohexan-1-ol made this 
approach impractical for the synthesis of 1. The various 3-alkoxythiophenes (1–4) were then 
brominated at the 2- and 5-positions using dibromatin as the brominating agent to yield 5–8. 
The desired poly(3-alkoxythiophenes) were then synthesized from the corresponding 2,5-
dibromo-3-alkoxythiophenes (5–8) using a Grignard metathesis (GRIM) polymerization. The 
GRIM method, originally reported by McCullough and coworkers, is one of the most effective 
methods for producing poly(3-alkylthiophenes) with a high degree of regioregularity and good 
molecular weights.43 In this case, cyclohexylmagnesium chloride was used as the Grignard reagent 
and Ni(dppp)Cl2 was used as the metal catalyst (Scheme 2.1). The resulting polymers were 
purified by Soxhlet extraction using methanol and hexanes to remove residual metal salts and 
oligomeric impurities, respectively; the polymers were then extracted into chloroform. 
The molecular weights of the chloroform-soluble fractions were then characterized by gel 
permeation chromatography (GPC). The dodecyloxy-substituted polymer (P3ODDT) had the 
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highest molecular weight, with Mn = 16.6 kDa (Table 2.1), corresponding to a number-average 
degree of polymerization (Xn) of 62. Both the hexyloxy-substituted polymer (P3OHT) and the 
fluorinated hexyloxy-substituted polymer (P3OFHT) had more modest number-average molecular 
weights of 6.4 kDa (Xn = 35) and 7.6 kDa (Xn = 22), respectively. The higher molecular weight of 
P3ODDT may be due to the longer alkyl chain imparting better solubility to the growing polymer 
chain in the polymerization solvent (THF), allowing it to grow for a longer period before 
precipitating from the reaction mixture. In marked contrast, the oligo(ethylene glycol)-substituted 
polymer (P3OEGT) was not soluble enough in THF (GPC solvent) to allow its molecular weight 
to be measured accurately. Regardless of any differences in molecular weight, P3ODDT, P3OHT, 
and P3OFHT all had very similar dispersities (Ð) of 1.3–1.4 due to the quasi-living nature of the 
GRIM polymerization. The values are in good agreement with those reported for similar polymer 




Table 2.1: Tabulated data for different polymers with different parameters like contact angle, 
molecular weight and absorbance.  
HTMs Mn (kDa) Mw (kDa) Đ Contact angle 
(degrees) 
λmax (nm) 
P3OFT 7.6 10.3 1.3 135 495 
P3ODDT 16.6 23.4 1.4 119 560 
P3OHT 6.4 8.9 1.4 109 620 
P3HT 50 ̶ ̶ 103 445 
P3OEGT ̶ ̶ ̶ 37 575 
 
In addition to molecular weight, polymer regioregularity is one of the most important structural 
parameters governing the optoelectronic properties of 3-substituted polythiophenes. Two repeat 
units can couple in three different ways: head to tail (HT), head to head (HH), and tail to tail (TT). 
This, in turn, gives rise to four different triads: HT–HT, HT–HH, HT–TT, and TT–HT. The GRIM 
polymerization heavily favors HT couplings for steric reasons,249, 250 but the degree of 
regioregularity depends on the specific system and reaction conditions employed.249 This can be 
evaluated by analyzing the 1H NMR spectra of the polymers, where each triad gives rise to a unique 
signal in the aromatic region (∼δ 6.9 ppm) that corresponds to the hydrogen at the 4-position of 
the thiophene ring.240, 250, 251 The 1H NMR spectrum of the commercially supplied sample of P3HT 
(Figure 2.5-2.6) has a single sharp peak at δ 6.98 ppm, consistent with highly regioregular, HT-
P3HT.252 Much smaller peaks at δ 7.00 ppm, δ 7.02 ppm, and δ 7.05 ppm are due to the TT–HT, 
HT–HH, and TT–HH triads, respectively.251 The clear triplet corresponding to the α-methylene 
protons at δ 2.8 ppm is further evidence of the high degree of regioregularity in this polymer 
sample. In marked contrast, the 1H NMR spectrum of P3OFHT shows a broad peak with multiple 
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components in the range of δ 6.8–7.0 ppm, suggesting that the sample is essentially regiorandom 
(Figure 2.7-2.8). P3ODDT appeared to be the most regioregular of the polymers synthesized, with 
a single, relatively sharp peak at δ 6.9 ppm (Figure 2.9-2.10); this may be due to the longer 
dodecyloxy chain imparting more stringent steric requirements during the polymerization, leading 
to a higher overall degree of HT coupling. P3OHT appeared to have more intermediate 
regioregularity, with clear evidence of shouldering in the peak at δ 6.85 ppm (Figure 2.11-2.12), 
while due to the low solubility of P3OEGT, the aromatic signal was too weak to provide 
meaningful structural data (Figure 2.13-2.14). The imperfect regioregularity synthesized here is 
consistent with previous reports of poly(3-alkoxythiophenes) synthesized via the GRIM 
polymerization;248 whether through nickel–oxygen interactions or through reduced steric 
requirements of the 3-alkoxy substituents, the poly(3-alkoxythiophenes) appear to be more regio-
irregular than analogous poly(3-alkylthiophene) systems. 
 




Figure 2.6 1H NMR of α‐methylene protons in the 3‐position of the P3HT in CDCl3. 
 




Figure 2.8 1HNMR of α‐methylene protons in the 3‐position of the P3OFHT in CDCl3. 
 




Figure 2.10 1H NMR of α‐methylene protons in the 3‐position of the P3ODDT in CDCl3. 
 




Figure 2.12 1H NMR of α‐methylene protons in the 3‐position of the P3OHT in CDCl3. 
 




Figure 2.14 1H NMR of α‐methylene protons in the 3‐position of the P3OEGT in CDCl3. 
Next, the optical absorption spectra of the polymers were measured in chloroform solution 
(Figure 2.15), and wavelengths of the absorption maxima (λmax) are listed in Table 2.1. The 
spectra are all dominated by a single, broad peak between 400 and 700 nm, which is ascribed to 
the π → π* transition of the polythiophene backbone. Compared with P3HT (λmax = 445 nm), all 
of the poly(3-alkoxythiophenes) have red-shifted absorption bands. This is caused by a 
combination of two factors: one is the more coplanar conformation of poly(3-alkoxythiophenes), 
owing to the smaller size of the oxygen atom at the 3-position (relative to the methylene group in 
poly(3-alkylthiophenes)); the other is the electronic influence of the electron-donating alkoxy 
group.247, 253  Of the polymers synthesized in this study, P3OFHT displayed the smallest red-shift 
relative to P3HT and had the shortest λmax (495 nm). In contrast, P3ODDT and P3OEGT had more 
substantially red-shifted absorption bands (λmax = 560 and 575 nm, respectively), whereas P3OHT 
had the lowest energy π → π* transition (λmax = 620 nm). Electronically, all four polymers are 
expected to be quite similar; each polymer has the same ethylene spacer between the oxy-
substituted thiophene ring and the remainder of the side chain, limiting electronic perturbations to 
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the polymer backbone. We therefore ascribe the differences in the optical absorption spectra to 
differences in regioregularity and the steric constraints imparted by the various side chains. The 
heavily fluorinated polymer (P3OFHT) had the shortest λmax, which is entirely consistent with the 
regiorandom nature of the polymer backbone; HH couplings inevitably result in substantial torsion 
between adjacent thiophene rings, reducing the effective conjugation length. By the same 
argument, the more regioregular nature of P3ODDT results in a more red-shifted absorption band. 
However, it is harder to explain the pronounced red-shift of P3OHT using only regiochemical 
arguments, because there is clear evidence of regio-irregularity in the 1H NMR spectrum (Figure 
2.12). One possibility is the partial aggregation of the polymer in solution, which would be 
expected to red-shift the absorption band; this is supported by the nonzero baseline at long 
wavelengths (∼800 nm), which may result from light scattering from small aggregates in solution. 
Because a similar nonzero baseline is observed in the P3OEGT spectrum and the polymer has a 





Figure 2.15 Normalized absorbance of different polymers in CHCl3 solutions. 
 Device Performance 
Although P3HT is well known to be an effective HTL in PSCs, we first needed to ascertain 
whether the poly(3-alkoxythiophenes) synthesized as part of this study would function in devices. 
To test this, we built a series of devices based on an ITO/ZnO/MAPbI3/HTL/Ag device 
architecture, as shown in Figure 2.16. With this cell design, the polymeric HTL lies between the 




Figure 2.16 (a) Schematic of the PSC architecture used in this work; (b) J-V curves of the highest 
performing devices with different polymer HTLs. 
After testing the cells, it was obvious that the P3HT-based devices outperformed those cells 
based on the poly(3-alkoxythiophenes). The P3HT cells had an average power conversion 
efficiency (PCE) of 9.4% ± 0.3% (Figure 2.17; Table 2.2), with the best-performing cell having 
a PCE of 10.2% (Figure 2.17b). The superior performance of the P3HT-based devices was 
primarily due to their higher short-circuit current densities (JSC = 16 ± 1 mA/cm2) and fill factors 
(FF = 64% ± 2%) compared with the poly(3-alkoxythiophenes) (Figure 2.17). Among the 
synthesized polymers, P3ODDT and P3OHT were the most successful as HTLs. P3ODDT-based 
devices had an average PCE of 5.1% ± 0.5%, whereas P3OHT-based cells had average PCEs of 
4.3%  ±  0.4%. Although these devices did not perform as well as those based on commercial 
P3HT, they had reasonable FF (∼50%), JSC (>12 mA/cm2), and VOC (>0.7 V), indicating that the 
PSCs were fully functional. In contrast, the devices based on both the fluorinated and 




based devices were only able to achieve a 3.3% PCE at best, whereas the P3OEGT-based cells 
were essentially non-functional, with an average PCE of 0.4%. In both cases, this was due to the 
extremely low FFs (<35%), with the P3OEGT PSCs also suffering from very poor JSC and VOC. 
 
Figure 2.17 Box and whisker plots of device parameters for PSCs with different polymer HTLs: 
(a) short-circuit current density, (b) open-circuit voltage, (c) fill factor, and (d) power conversion 
efficiency. The solid square denotes the mean, the horizontal line denotes the median, the box 
boundaries mark the 25th and 75th percentiles, the whiskers mark 1.5 × the interquartile range, 




Table 2.2: Average device performance parameters for ITO/ZnO/MAPbI3/HTLs/Ag devices with 
different HTMs. The associated uncertainties represent plus-or-minus one standard deviation from 
the mean. 




P3OFT 0.87 ± 0.04 8.3 ± 1 23 ± 1 1.7 ± 0.3 3.3 
P3ODDT 0.78 ± 0.03 13.0 ± 1 53 ± 2 5.1 ± 0.5 6.7 
P3OHT 0.73 ± 0.05 12.4 ± 0.6 48 ± 2 4.3 ± 0.4 4.7 
P3HT 0.93 ± 0.03 15.9 ± 1 64 ± 2 9.4 ± 0.3 10.2 
P3OEGT 0.30 ± 0.05 4.0 ± 0.8 33 ± 3 0.4 ± 0.9 0.5 
 
The relative performance of the various HTLs can be understood in terms of their structural 
properties. The trend in device performance (P3HT > P3ODDT > P3OHT > P3OFHT > P3OEGT) 
mirrors the trends observed in polymer regioregularity and molecular weight (and in the case of 
P3OEGT, solubility). Previous studies have shown that the hole mobility of P3HT scales 
dramatically with molecular weight (Mw);254 the Mw of the commercial P3HT sample is ∼50 kDa, 
which is over twice that of the P3ODDT polymer (Mw = 23.4 kDa). This readily explains the better 
performance of the P3HT HTLs, even though both polymers had a high degree of regioregularity. 
P3OHT had both a lower Mw (8.9 kDa) and a lower degree of regioregularity than P3ODDT and 
P3HT, and the PCE was correspondingly lower (4.3% ± 0.4%) as a result. Similarly, the 
regiorandom nature of P3OFHT clearly affected its ability to work as a HTL, and the PCE drops 
to 1.7% ± 0.3%. This decline in PCE can be related back to the hole mobility of the HTL; the more 
regio-irregular HTLs produce devices with higher series resistances (e.g., P3OFHT, RS = 119 Ω 
cm2) compared with P3HT (RS = 10 Ω cm2) (Figure 2.16b). The extremely poor performance of 
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the P3OEGT-based devices (PCE = 0.4% ± 0.1%) is mainly due to the low solubility of the 
polymer, which makes it difficult to coat homogeneous, pinhole-free films. As can be seen from 
the J–V curve (Figure 2.16b), in addition to a high series resistance, the P3OEGT-based cells 
suffer from a low shunt resistance. The combination severely curtails the FF. Each of the devices 




Figure 2.18 J-V curves in both scan directions for devices with various HTLs: (a) P3OFHT, (b) 
P3ODDT, (c) P3OHT, (d) P3HT. J-V curves were measured at a scan rate of 0.83 V·s−1. 
 Effect of Different Side Chains on Film Stability 
The primary goal of this study was to determine whether changing the hydrophobicity of the 
HTMs would affect its ability to act as a vapor barrier and stabilize the underlying perovskite film. 






were deposited on glass substrates (Figure 2.19; Table 2.1). Due to the presence of the highly 
fluorinated side chains, P3OFHT was the most hydrophobic polymer tested, with a water contact 
angle of 135°. This was followed by those polymers with hydrocarbon side chains, with P3ODDT, 
P3OHT, and P3HT having contact angles of 119°, 109°, and 103°, respectively. On the other hand, 
the oligo(ethylene glycol) chains of P3OEGT rendered the resulting polymer film quite 
hydrophilic, with a water contact angle of only 37°. Unsurprisingly, the hydrophobicity of the 
films depends strongly on the identity of the polymer side chain. 
 
Figure 2.19 Water contact angle for different polymers. 
We then deposited the various HTLs onto MAPbI3 films to probe their ability to act as water 
vapor barriers. The samples were placed in an in situ UV–vis sample holder and subjected to a 
flow of nitrogen gas with a fixed RH of 98% ± 2%;14, 43 absorbance spectra were acquired every 
15 min (Figure 2.20a and Figure 2.21). The normalized absorbance at 410 nm (a wavelength at 
which MAPbI3 absorbs strongly) is plotted as a function of time (Figure 2.21b). As expected, bare 
films of MAPbI3 decompose very rapidly. Defining τ1/2 as the time required for the absorbance to 
drop to one-half of its initial value, we find that uncoated MAPbI3 has a τ1/2 of only 1.7 h, and the 
decomposition is nearly complete after 3 h. Coated perovskite films (regardless of which polymer 
HTL was used) all decomposed more slowly, although the rate of decomposition depended 
strongly on the identity of the polymer coating. The hydrophilic P3OEGT coating was a very poor 
vapor barrier, extending the τ1/2 to only 6.8 h. In contrast, the more hydrophobic polythiophenes 
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were all much more resistant to moisture ingress. P3HT-coated films had a short (∼3 h) induction 
period prior to significant decomposition, and the overall decomposition rate appeared to be 
substantially slower (τ1/2 ≈ 14.6 h). The P3OHT (τ1/2 ≈ 45.5 h) and P3ODDT (τ1/2 ≈ 13.5 h) coated 
films displayed similar behavior; both had induction periods prior to moisture breakthrough, and 
both did a better job of protecting the perovskite than the hydrophilic P3OEGT. The better 
performance of P3OHT as a barrier layer may be due to its solid state packing efficiency;252, 255 
long dodecyl chains are known to disrupt the efficient solid state packing observed with shorter 
alkyl chains (e.g., P3HT), and a less densely packed film would be expected to increase its 
permeability to water vapor. Most significantly, the highly fluorinated side chains of P3OFHT 
provided the greatest moisture resistance. Even after 70 h of exposure to a high humidity 
environment, the P3OFHT-coated perovskite film retained 76% of its initial absorbance. Based on 
a linear extrapolation of the curve in Figure 2.21b, we calculated a τ1/2 of ∼160 h. This is an order 
of magnitude slower decomposition than was observed for P3HT-coated films and nearly two 
orders of magnitude slower than uncoated perovskite films. The results clearly show that the 
hydrophobicity of the HTL affects its ability to act as a moisture vapor barrier and that fluorinated 




Figure 2.20 (a) Absorption spectra of a MAPbI3 film in a high RH (98% ± 2%) environment; 
spectra were acquired at 15 min intervals and the inset shows the absorbance at 410 nm as a 
function of time; (b) normalized absorbance at 410 nm as a function of time for MAPbI3 films 
with different polymer coatings. 




Figure 2.21 UV/vis absorption spectra of glass/MAPbI3/HTL films in a RH = 98 ± 2% 






In this chapter, the synthesis of a new polythiophene base HTM was discussed. The potential of 
using poly(3-alkoxythiophenes) as both HTLs and vapor barriers to prevent perovskite 
decomposition and extend the lifetime of PSCs were explored. The moisture-blocking ability of 
the various poly(3-alkoxythiophenes) studied appears to be correlated to both the hydrophobicity 
of the polymer and its solid state packing efficiency, with highly fluorinated polymers providing 
an impressive level of protection to the underlying perovskite. Practically, however, the efficiency 
of the P3OFHT-based devices was low, primarily because a lack of regioregularity and low 
molecular weight limited the hole mobility of the polymer. The findings suggest that if fluorinated 
polythiophenes can be prepared with a high degree of regioregularity and in high molecular 
weights, then they will be able to function well in the role of a barrier HTL. Alternatively, 
substituting other polymeric HTLs with perfluorinated side chains may be an effective strategy to 
improve the moisture resistance of perovskite devices. The synthesis of such a polymer, which 
combines a high hole mobility with effective barrier properties, would be an important step toward 








3. Improving the Moisture Stability of Perovskite 
Solar Cells by Using PMMA/P3HT Based Hole-
transport Layers 
3.1. Introduction 
Hydrophobic thiophene based polymers such as P3HT and its perfluorinated analog (P3OFHT) 
can have a profound impact on the lifetime of PSCs, as shown in the previous chapter (Chapter 
2). The work discussed in this chapter is a continuation of the previous approach.   
The previous project uses highly hydrophobic P3OFHT as a HTL which improved the moisture 
stability of the underlying MAPbI3 layer compared to P3HT. However, the performance of this 
polymeric HTM in the device was very poor due to the poor hole mobility of the polymer. A PCE 
of 10.2 % was achieved by the champion P3HT based device (control), whereas the champion 
P3OFHT based device could only achieve a PCE of 3.3%. The real application of a photovoltaic 
technology depends upon three major factors: photovoltaic performance, stability of the devices 
and the production cost. Therefore, even though the P3OFHT improves the device lifetime 
significantly, poor performance of this polymer as a HTM limits any further exploration. On the 
other hand, P3HT as a HTM performs well in PSCs. P3HT-coated PSCs have also good device 
stability.68 Therefore, designing new P3HT based HTMs is a promising strategy to improve the 
moisture stability of the PSCs. Hence, a new project was designed that used a PMMA/P3HT based 
polymer blend as the HTM.   
To protect MAPbI3 from liquid and vapor phase water the top layer should be a good moisture 
barrier. A good moisture barrier layer should be densely packed, hydrophobic and should have low 
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vapor permeability. In that respect, P3HT and PMMA both are suitable candidates. The hexyl side 
chains of P3HT make it hydrophobic and the π-π interaction of the polythiophene backbone helps 
it to form a uniform densely packed film. In addition, it is commercially available with high 
molecular weight (>50 kDa). It is highly soluble in common organic solvents (e.g. chloroform, 
chlorobenzene). Both of these factors are required to form films with good mechanical properties. 
Similarly, because of a very high molecular weight (>350 kDa) and high solubility of PMMA in 
organic solvents, it forms densely packed water resistive films with good mechanical properties. 
Owing to the good mechanical properties of PMMA, a HTL made of polymer-functionalized 
single-walled carbon nanotubes (SWCNTs) in a PMMA matrix demonstrated substantially 
improved device stability (Figure 3.1a).118 Even after exposing the PSCs to a running stream of 
water for 1 minute the devices did not show any sign of degradation (Figure 3.1b). However, one 
of the main drawbacks of this approach is a lack of scalability; the purification and 
functionalization of SWCNTs is extremely challenging synthetically, substantially increasing cost. 
Additionally, lack of reproducibility of this approach makes it very challenging in real life 
applications.  
Figure 3.1 (a) Schematic architecture of the investigated device consisting of sequential layers of 
FTO as transparent electrode, a TiO2 compact layer, a mesostructured layer of Al2O3 coated with 
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MAPbI3–xClx and the hole-transporting structure composed of a P3HT/SWNT layer in-filled with 
a PMMA matrix. (b) A photograph of a complete perovskite solar cell employing a SWNT hole-
extraction layer placed under a flowing tap with the active layer on the top side of the glass directly 
under the water flow (left-hand side). Current density–voltage plots measured under AM1.5 
simulated sunlight of 100 mW∙cm–2 irradiance of the same perovskite solar cell before and after 
being placed under the running water for 1 minute. Reproduced with permission of the American 
Chemical Society from reference (118).  
Therefore, a HTL composed of a P3HT nanowire framework suspended in a PMMA matrix was 
employed. This type of PMMA/P3HT composite has been previously used in organic electronic 
applications to improve air stability and for its mechanical strength.256-259 Here it was exploited as 
a potential vapor barrier between the external environment and the perovskite active layer (Figure 
3.2). A thin compact layer of P3HT efficiently collects holes from the perovskite, while the P3HT 
nanowire framework provides a percolation pathway for holes to effectively reach the metal top 
electrode. Meanwhile, the dense PMMA matrix blocks the ingress of water into the device, leading 







Figure 3.2 Schematic of the device architecture used in this study. The HTL consists of a thin, 
compact layer of P3HT, followed by a thicker layer of P3HT nanowires suspended in a PMMA 
matrix. 
Section 3.2 and Section 3.3. were adopted with permission from Kundu S.; and Kelly T. L. 
Mater. Chem. Front. 2018, 2, 81-89. Copyright 2018 The Royal Society of Chemistry and the 
Chinese Chemical Society.260 
3.2. Experimental Section 
  Materials 
ITO-coated glass (RS = 20 Ω·sq–1) substrates were purchased from Delta Technologies. P3HT 
(electronic grade, Mw ~ 50 kDa) and zinc acetate dihydrate were purchased from Rieke Metals 
Inc., and Alfa Aesar, respectively. Ag (99.99%) and Au pellets (99.99%) were purchased from 
Kurt J. Lesker. PMMA (Mw ~ 350 kDa), lead(II) iodide (99%), methylamine (37% in absolute 
ethanol), hydriodic acid (57% in H2O), TBP (96%) and Li-TFSI (99%) were purchased from 
Sigma-Aldrich. All solvents were purchased from Fisher Scientific. All chemicals were used 




3.2.2.1. UV-visible Spectroscopy  
A Cary 6000i spectrophotometer was used to record UV-vis spectra.  
3.2.2.2. Powder X-ray Diffraction 
pXRD measurements were carried out on a PANalytical Empyrean diffractometer configured 
using a cobalt x-ray source (Co Kα, λ = 1.79 Å). The data were collected with a 0.0469° step size 
(2θ).  
3.2.2.3. Scanning Electron Microscopy 
Scanning electron microscopy was carried out on a Hitachi SU8010 microscope operating at a 
1.0−5.0 kV landing voltage.  
3.2.2.4. Atomic Force Microscopy 
AFM measurements were performed using a Dimensions Hybrid Nanoscope system (Veeco 
Metrology Group) under tapping mode in air. 
 P3HT Nanowire Synthesis 
PMMA/P3HT polymer blends were prepared using previously reported procedures.257, 261 P3HT 
and PMMA were added to a solvent mixture of chloroform/anisole (50:50 v/v) in order to achieve 
a total polymer concentration of 10 mg∙mL−1. Four different samples were prepared, with PMMA 
to P3HT ratios (w/w) varying from 80:20 to 95:5. Then the mixture was placed on a programmable 
hot plate to dissolve at 70 °C overnight with continuous stirring. The solution was then gradually 
cooled to room temperature at 20 °C∙h−1 without stirring. The color of the solution changed from 
transparent red to dark brown, indicating the formation of P3HT nanowires. The solution was left 
undisturbed for 3 days before use. 
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ZnO nanoparticles and methylammonium iodide were synthesized following the procedures 
described in the section 2.2.2. 
 Solar Cell Fabrication 
Solar cells were fabricated by following previously reported procedures.67, 242 ITO-coated glass 
substrates were cleaned by sequentially sonicating them for 20 min in 2% Extran 300 detergent, 
acetone and isopropanol followed by drying in an oven at 120 °C for 2 h. Then a thin ZnO 
nanoparticle layer was spin coated onto the substrate at 3,000 rpm for 30 s from a solution of 6 
mg·mL−1 in n-butanol. In order to produce a uniform film, the procedure was repeated three times. 
By using thermal evaporation, a thin layer of PbI2 (~ 150 nm) was deposited at a base pressure of 
2 × 10−6 mbar. Then the substrate was dipped into a solution of CH3NH3I in 2-propanol (10 
mg·mL−1) for 3 minutes, inside a glove-bag maintained at a relative humidity of ~ 40%. The 
substrate was spin-dried at 3,000 rpm for 25 s and then was kept for additional 10 minutes inside 
the bag. For control samples, a layer of P3HT was deposited by spin coating (1,000 rpm for 30 s) 
from a solution containing 20 mg of P3HT, 1 mL of chlorobenzene, 3.4 μL of TBP, and 6.8 μL of 
a Li-TFSI solution (28 mg Li-TFSI/1 mL acetonitrile). For the PMMA/P3HT-based devices, first 
a thin layer of P3HT was deposited by spin coating (2,000 rpm for 30 s) from a solution containing 
20 mg of P3HT, 1 mL of chlorobenzene, 10 μL of TBP, and 20.4 μL of the same Li-TFSI solution. 
Then the PMMA/P3HT blend was deposited by spin coating using a two-step spinning protocol 
(500 rpm for 10 s; 2,500 rpm for 20 s). To produce different thicknesses of PMMA/P3HT layers, 
the spin speed of the second step was varied. Finally, either a silver or gold electrode was deposited 
by thermal evaporation at a base pressure of 2 × 10−6 mbar. 
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 Solar Cell Characterization 
The performance of the devices was measured using a Keithley 2400 source-measure unit and a 
450 W Class AAA solar simulator equipped with an AM1.5G filter (Sol3A, Oriel Instruments) 
inside a nitrogen filled glovebox  (<0.1 ppm O2 and H2O). The illumination intensity was adjusted 
to 100 mW·cm−2 as determined by a standard silicon reference cell (91150V, Oriel Instruments). 
A non-reflective metal mask was used to define the effective area of the device to be 0.0708 cm2. 
 Liquid Water Stability Tests 
Enough water was added to the top of a substrate to completely cover the surface (0.5 – 1.0 mL), 
and was left to stand for 1 minute. The devices were then blown dry in a stream of air, and 
reintroduced into the glovebox prior to testing. 
 Water Vapor Stability Tests 
A stream of nitrogen carrier gas was bubbled through water in order to generate a stream of 
saturated (99 ± 1% relative humidity (RH)) water vapor. This flowed into either a custom-built 
sample holder (for in situ absorbance spectroscopy, Figure 3.3) or a gas-tight sample chamber (for 
device lifetime measurements, Figure 3.4). The RH and temperature were measured downstream 
of the sample chamber by an RH-USB humidity sensor (Omega). Devices were reintroduced into 




Figure 3.3 Schematic illustration of the RH control setup for in situ UV/vis spectroscopy. 
 




with water vapour 
























3.3. Results and Discussion  
 Device Design 
The device architecture used in the current study is shown in Figure 3.2. I deposit the 
MAPbI3 absorber directly onto a compact ZnO ETL in a planar heterojunction design, as reported 
elsewhere. 67, 242 Onto this I deposit either a simple P3HT HTL (as a control), or a thin layer of 
P3HT, followed by a layer of P3HT nanowires in a PMMA matrix. The thin, compact P3HT layer 
is to ensure efficient hole-extraction from the perovskite absorber; from there, the P3HT nanowire 
network provides a percolation pathway to the top electrode (either Ag or Au). The rationale 
behind the PMMA matrix is that it serves to prevent moisture ingress into the perovskite layer, 
thereby improving device stability. However, since the PMMA matrix is insulating, the hole-
transporting characteristics of P3HT need to be carefully balanced against the protective properties 
of PMMA. I therefore prepared devices with four different PMMA/P3HT ratios: 95 : 5, 90 : 10, 
85 : 15, and 80 : 20. I then investigated the effect of HTL composition on the layer morphology, 
device performance, and device lifetime. 
PMMA/P3HT Film Morphology 
In order for the PMMA/P3HT blend to work as a HTL, the P3HT must self-assemble into an 
interconnected nanowire network, through which holes can percolate from the P3HT collection 
layer to the metal electrode; as such, the morphology of the HTL is critical. AFM was used to 
assess the nanostructure of the four different PMMA/P3HT films on glass substrates (Figure 3.5). 
Promisingly, even at the lowest P3HT loading (95 : 5 PMMA/P3HT), the appearance of nanowire-
like structures can be observed in an otherwise smooth film (Figure 3.5a), with nanowire widths 
of ∼10–20 nm. As the amount of P3HT in the blend is increased, the nanowire structure becomes 
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more pronounced; the morphology of the 90 : 10 PMMA/P3HT sample appears to consist of the 
desired interconnected nanowire network, although this is also accompanied by an overall increase 
in surface roughness (Figure 3.5b). The increase in surface roughness continues as the P3HT 
fraction is increased, with the 85 : 15 and 80 : 20 PMMA/P3HT films appearing to display less 
structured, but overall rougher, morphologies (Figure 3.5c-d). At the highest P3HT loading, there 
is relatively little evidence of polymer nanowires, and the AFM image is consistent with simple 
phase separation into PMMA- and P3HT-rich domains. 
 
Figure 3.5 AFM images (height image) of PMMA/P3HT thin films on glass substrates, with 
varying PMMA/P3HT ratios: (a) 95 : 5; (b) 90 : 10; (c) 85 : 15; (d) 80 : 20. (e) AFM image (phase 




PSCs were then fabricated using the four different PMMA/P3HT blends, using a 
ITO/ZnO/MAPbI3/P3HT/PMMA:P3HT/Ag architecture (Figure 3.2). AFM was used to image the 
surface of the HTL (in areas lacking a metal top electrode). The rough surface of the underlying 
perovskite can still be seen in the AFM height images (Figure 3.6), suggesting conformal coverage 
by the HTL; the P3HT nanowires are also still visible in the AFM phase images, indicating that 
the nanowire morphology is maintained on the perovskite-coated substrate (Figure 3.5e and 
Figure 3.6). SEM imaging validates these observations (Figure 3.5f); at moderately high 
accelerating voltages, and with low Z samples, SEM is sensitive to sub-surface morphology, and 
the embedded P3HT nanowires can be clearly observed in the PMMA/P3HT film. 
 
Figure 3.6 AFM images of PMMA/P3HT thin films on SiO2/ZnO/MAPbI3/P3HT substrates with 
different PMMA/P3HT ratios: (a) 95:5, height image; (b) 95:5, phase image; (c) 90:10, height 
image; (d) 90:10, phase image; (e) 85:15, height image; (f) 85:15, phase image; (g) 80:20,  height 
image; (h) 80:20, phase image. 
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 Device Performance 
Having established that the PMMA/P3HT HTLs had the desired nanowire morphology, we then 
evaluated their performance in PSCs, as compared to conventional P3HT HTLs. The devices based 
on pure P3HT HTLs had an average PCE of 9.1 ± 0.9%, with the champion device having a PCE 
of 11.0%, which is consistent with previous literature reports.67, 234, 262-264 Although this is lower 
than the efficiency of devices based on Li-TFSI-doped spiro-OMeTAD, numerous studies have 
now shown that spiro-OMeTAD HTLs can lead to relatively short device lifetimes, whereas 
P3HT-based cells often show less rapid decomposition.68, 118 In comparison with the P3HT-only 
control devices, PSCs based on the PMMA/P3HT HTLs had device characteristics that were 
highly dependent on the PMMA/P3HT ratio (Figure 3.6). When only a small amount of P3HT 
was added to the HTL (95 : 5 PMMA/P3HT), the devices performed quite poorly (best PCE of 
5.6%); this is almost entirely due to a high series resistance (Figure 3.7e), which limits both the 
fill factor and the short-circuit current density. This likely indicates poor connectivity between the 
P3HT nanowires; with no percolation pathway for holes, the PMMA matrix effectively limits the 
efficiency with which holes can be extracted. However, for the 90 : 10 PMMA/P3HT ratio, the 
interconnected nature of the nanowire array (Figure 3.5b) provides for efficient hole transport, 
even through the PMMA matrix. As a result, these devices performed almost equivalently to the 
P3HT controls (PCE = 8.1 ± 0.9% vs. 9.1 ± 0.9% for the controls). As the P3HT concentration is 
increased further, the two polymers begin to phase separate more coarsely (Figure 3.5c and d), 
resulting in a slow increase in series resistance and a concomitant decrease in FF and JSC. In order 
to quantify the effect of hysteresis in our devices, we measured the J–V curves in both scan 
directions. For all devices, including both the P3HT controls and the PMMA/P3HT HTLs, the 
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device efficiency was relatively independent of scan direction, indicating little hysteresis (Figure 
3.8). 
Table 3.1: Average device performance parameters for ITO/ZnO/MAPbI3/HTLs/Ag devices. The 
associated uncertainties represent plus-or-minus one standard deviation from the mean. 
HTLs # of 
devices 
VOC (V) JSC (mA/cm2) Fill Factor 
(%) 





60 0.89 ± 0.06 16 ± 1 48 ± 5 6.8 ± 0.7 8.4 
PMMA/P3HT 
85:15 
60 0.92 ± 0.04 16 ± 1 49 ± 5 7.5 ± 0.9 9.3 
PMMA/P3HT 
90:10 
60 0.92 ± 0.06 16 ± 1 53 ± 6 8.1 ± 0.9 10.6 
PMMA/P3HT 95:5 40 0.89 ± 0.04 11 ± 2 41 ± 5 4.2 ± 0.6 5.4 





Figure 3.7 Cell performance parameters for devices made with varying HTLs: (a) JSC; (b) VOC; (c) 
FF; (d) PCE. The crosses denote the 1st and 99th percentiles; the bars denote the maximum and 
minimum values; the box boundaries mark the 25th and 75th percentiles; the horizontal line 
denotes the median; the solid square denotes the mean. (e) J–V curve of the champion devices with 
the various HTLs, measured at a scan rate of 0.1 V∙s−1. (f) J–V curves for devices made with 90 : 10 
PMMA/P3HT HTLs, deposited at different spin speeds. 
Since one of the primary functions of the PMMA/P3HT HTL is to provide an internal vapor 
barrier within the device stack, thicker layers would presumably impart better protection to the 
underlying perovskite; however, this comes at the cost of increased series resistance. For a fixed 
PMMA/P3HT ratio (90 : 10), the HTL was deposited at three different spin speeds (1000, 2500, 
and 5000 rpm), providing three different layer thicknesses. The PCEs of the champion devices 
from this study were 5.4, 10.6 and 10.4%, respectively (Figure 3.7f). For the thickest HTL, the 
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increase in series resistance (combined with a loss of shunt resistance) severely limits the cell 
performance; however, at 2500 rpm provide the best combination of a relatively low series 
resistance and a thicker vapor barrier, and these fabrication conditions were chosen for the 
subsequent stability studies. 
 
Figure 3.8 J-V curves in both scan directions for devices with various HTLs: (a) P3HT; (b) 95:5 
(c) 90:10, (d) 85:15, (e) 80:20 PMMA/P3HT. J-V curves were measured at a scan rate of 0.1 V·s−1.  
Effect of Liquid Water on Device Performance 
The deleterious effects of water on MAPbI3 have been well-established; liquid water rapidly 
destroys these materials by dissolution of MAI, leaving behind residual PbI2. Due to the excellent 
film forming properties and overall hydrophobicity (water contact angle = 103°)261 of the 
PMMA/P3HT layer, it is expected to form a water-impermeable coating over the MAPbI3. In order 
to study the resistance of our devices to liquid water, both our PMMA/P3HT-based and control 
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devices (P3HT-only) were exposed to liquid water for 1 minute. Within a few seconds, the control 
sample had begun to degrade, and after 15 s it had completely decomposed, as evidenced by a 
color change from dark brown to yellow (Figure 3.9). In contrast, devices with PMMA/P3HT 
HTLs were unaffected (Figure 3.9). Both UV/vis spectroscopy (Figure 3.10) and powder x-ray 
diffraction (Figure 3.11) support this conclusion, with no change observed in either the absorption 
spectra or the diffraction patterns. The photovoltaic performance of the devices was also evaluated, 
both before and after water exposure (Figure 3.12). Unsurprisingly, the P3HT-only control devices 
short-circuited after water exposure, and were virtually non-functional. In contrast, there was 
virtually no change in performance for any of the PMMA/P3HT-based devices. This is highly 
encouraging, as it suggests that even if the encapsulation on a commercial cell or module were to 
degrade, it may not immediately lead to catastrophic device failure. 
 
Figure 3.9 Photographs of polymer-coated perovskite films exposed to liquid water for 1 minute: 
(a) 90:10 PMMA/P3HT-coated, before; (b) 90:10 PMMA/P3HT-coated, after; (c) P3HT-coated, 




Figure 3.10 Absorption spectra of polymer-coated perovskite films, before and after exposure to 




Figure 3.11 pXRD patterns of polymer-coated perovskite films, before and after exposure to liquid 




Figure 3.12 J-V curves for devices with various HTLs, measured before and after exposure to 
liquid water for 1 minute: (a) P3HT-only; (b) 95:5, (c) 90:10, (d) 85:15, (e) 80:20 PMMA/P3HT. 
Scans were performed at a scan rate of 0.83 V·s–1 from forward bias to short-circuit. 
Effect of Water Vapor on Device Performance 
Although the penetration of liquid water into the device stack leads to the most rapid cell 
degradation, its high surface tension makes it relatively facile to exclude from the cell; in contrast, 
vapor-phase water is much more insidious, and even good barrier plastics have a non-zero moisture 
vapor transmission rate. Therefore, in order to better evaluate the performance of our 
PMMA/P3HT barrier HTL, we exposed our devices to various RH environments, and measured 
their performance as a function of time. 
As an initial test, we stored our devices in ambient air at 21–23 °C and 35–45% RH, and 
measured their photovoltaic performance at one day intervals (Figure 3.13). Even under these 
relatively mild conditions (room temperature and moderate RH), all of the P3HT control devices 
 











































































































































failed within 24 h. In contrast, the cells with PMMA/P3HT-based HTLs degraded much more 
slowly; after 96 h, all PMMA/P3HT-based devices retained ∼50% of their initial efficiency. While 
the devices with 80 : 20 and 85 : 15 PMMA/P3HT ratios had completely failed after 120 h, devices 





Figure 3.13 Normalized power conversion efficiency as a function of time for perovskite solar 
cells with silver electrodes, stored in a 35-45% RH environment. Error bars denote plus-or-minus 
one standard deviation from the mean. 
The rapid cell failure observed for the P3HT control samples is ascribed to halide ion migration 
from the MAPbI3 layer to the silver electrode; the iodide ions help facilitate the oxidation of the 
electrode, leading to cell failure.123, 265 UV/vis spectroscopy and SEM were used to support this 






































nm disappears upon aging, indicating decomposition of MAPbI3 (Figure 3.14). A basic visual 
inspection of the device also shows that the silver electrodes of the control devices were 
discoloured and corroded (Figure 3.15), which can also be observed by comparing SEM images 
of the electrodes before and after aging (Figure 3.16 -3.17). High magnification SEM images show 
pronounced corrosion at the edges of the silver electrodes, with the appearance of cracks and non-
metallic byproducts (as indicated by a change in electron contrast and an increase in charging). In 
contrast, the PMMA/P3HT devices all show only a minor decrease in absorbance across the 
UV/vis spectrum (Figure 3.14), and the silver electrodes remain shiny and metallic even after six 
days of aging (Figure 3.15), even under microscopic analysis (Figure 3.16-3.17). The PMMA 
may serve two functions here: (i) to prevent the ingress of water vapor into the perovskite layer, 
thereby reducing the mobility of iodide ions; and (ii), to block mobile iodide ions from leaving the 
perovskite layer and reaching the silver electrode. The better barrier properties of PMMA as 
compared to P3HT may be related to its molecular weight (350 kDa for PMMA, vs. 50 kDa for 
P3HT) or its more polar functional groups, which better bind water and/or iodide ions, slowing 




Figure 3.14 Absorption spectra of perovskite solar cells with various HTLs before and after aging 




Figure 3.15 Photographs of the ITO/ZnO/MAPbI3/HTLs/Ag devices after aging in air; the 
corrosion of the silver electrode in the P3HT control samples is easily apparent. 
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Figure 3.16 SEM images of the silver electrode of a P3HT control device: (a) as prepared, and (b-
d) after 6 days of aging in air; (c) and (d) are higher magnification images of the electrode edge. 
1 mm 1 mm






Figure 3.17 SEM images of the silver electrode of a 95:5 PMMA/P3HT device: (a) as prepared, 
(b-d) after 6 days of aging in air; (c) and (d) are higher magnification images of the electrode edge. 
Although a RH of ∼40% is typical of indoor conditions, modules deployed in the field will 
encounter a much wider range of water concentrations. We therefore carried out a more rigorous 
study where we subjected our devices to a 99 ± 1% RH environment. For this study, we flowed 
nitrogen carrier gas through a series of water-filled bubblers, producing a stream of saturated water 
vapor; this was then connected to the inlet of an air-tight sample chamber, while a RH sensor was 
connected to the outlet in order to validate the humidity inside the chamber (Figure 3.4). Since the 
silver electrode was identified as a critical component in the device degradation process, we carried 
out the study on devices built using both silver and gold electrodes. 






As expected, the devices with silver electrodes decomposed at an accelerated rate in the 99% 
RH environment; the P3HT control devices retained only a third of their initial performance after 
30 minutes of exposure, and completely short-circuited after 1 hour (Figure 3.18a). Again, those 
devices incorporating a PMMA/P3HT barrier layer displayed enhanced lifetimes; with an 80 : 20 
PMMA/P3HT ratio, the devices lasted for ∼2.5–3 h before failure, a five-fold increase in lifetime; 
with increasing PMMA loadings, the improvements are even more marked. The 90 : 10 
PMMA/P3HT devices (which also displayed the best PCEs), retained ∼40% of their initial 
performance after 6 h of exposure to saturated water vapor. This represents over an order of 
magnitude increase in lifetime relative to the P3HT-only controls, and highlights the performance 




Figure 3.18 Normalized power conversion efficiency as a function of time for perovskite solar 
cells with (a) silver electrodes and (b) gold electrodes, stored in a 99 ± 1% RH environment. Error 
bars denote plus-or-minus one standard deviation from the mean. 
Switching the top electrode from silver to gold provided a notable increase in device lifetime, 
and allowed a longer-term study to be carried out (Figure 3.18b). Again, the devices based on 
P3HT controls degraded relatively quickly, with all devices shorting after <24 h of exposure. In 
contrast, the cells incorporating vapor barrier HTLs survived for ∼1 week in the 99% RH 
atmosphere. Again, the 80 : 20 PMMA/P3HT ratio provided the least resistance to water vapor, 
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with cells failing after 4–5 days of exposure. This may be due to the more coarsely phase-separated 
morphology of these films (Figure 3.6d); presumably, the large P3HT domains break up the more 
smooth, conformal, and less permeable PMMA coating, allowing for greater levels of moisture 
permeation. As the PMMA loading is increased, the devices last longer, with some of the best 
results obtained with a 90 : 10 PMMA/P3HT ratio. In this case, over the first few days of testing, 
we actually observed an increase in device performance, primarily due to an increase in 
photocurrent and fill factor. Our previous work has noted that non-zero RH levels during the 
perovskite deposition process can actually increase device performance due to better connectivity 
between individual crystalline grains;67 in this case, low levels of moisture may actually be 
solvent-annealing the perovskite layer, resulting in improved performance. However, after 4 days 
the PCE had returned to its initial value, and after 7 days, the device performance had dropped by 
>60%. This nonetheless represents a roughly 10-fold improvement in device lifetime over the 
P3HT-only control devices, consistent with the data derived from devices with silver electrodes. 
In Situ UV/vis Spectroscopy 
Ultimately, the potential of these vapor barrier HTLs is governed by the ability of PMMA to 
prevent moisture ingress and perovskite degradation. In order to separate this from other electrical 
effects present in devices (e.g., electrode corrosion), we carried out an in situ UV/vis spectroscopy 
study on perovskite thin films capped with either pure P3HT, pure PMMA, or P3HT/PMMA 
barrier layers. The films were exposed to a 98 ± 2% RH environment, and absorbance spectra 
acquired every 15 min. The absorbance at 410 nm is then plotted as a function of time (Figure 
3.19). From the data, it can be concluded that MAPbI3 is extremely sensitive to water vapor, with 
uncoated samples decomposing in <6 h, consistent with our previous work.68 P3HT provides a 
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small amount of additional protection, with films decomposing in <1 day. The improved barrier 
properties of PMMA are also clearly apparent from the data, with the PMMA-coated samples only 
showing appreciable signs of decomposition after >100 h of exposure to 98% RH. The 
PMMA/P3HT-coated samples all provide intermediate levels of protection, with the performance 
of the 90 : 10 PMMA/P3HT ratio being very comparable to pure PMMA films. One other key 
difference between the uncoated film and the coated samples is the appearance of a step-wise 
decomposition process in the coated samples. This may be due to pinhole formation in the barrier 
film. As water vapor penetrates the barrier layer, it leads to the rapid decomposition of the 
MAPbI3 beneath it; as another pinhole forms, another section of the perovskite film decomposes, 
leading to the observed step-wise decomposition profile. 
 
Figure 3.19 Normalized absorbance at 410 nm as a function of time for polymer-coated 
perovskite films exposed to a 99 ± 1% RH environment. 



































This chapter demonstrated a simple, scalable strategy to improve the moisture resistance and 
device lifetime of PSCs. P3HT nanowires can provide a hole-transport pathway between the 
MAPbI3 absorber and the top electrode, with performance nearly equivalent to that of a compact 
P3HT layer; by embedding the nanowires in a PMMA matrix, the HTL then additionally serves as 
a barrier to both liquid and vapor phase water. Measurements in a 99% RH environment show that 
optimized PMMA/P3HT HTLs (using a 90 : 10 PMMA/P3HT ratio) can improve the lifetime of 
PSCs by roughly one order of magnitude, even in the absence of any additional encapsulation. 
These test conditions are much more aggressive than those typically encountered in the literature 
(often 30–40% RH), highlighting the ability of the PMMA/P3HT barrier layers to withstand even 




4. Moisture-induced Decomposition Mechanisms of 
Lead Halide Perovskites: an in Situ Absorption 
Spectroscopy and X-ray Scattering Study   
4.1. Introduction 
The archetypal hybrid perovskite MAPbI3 is inherently moisture sensitive. Owing to the low 
formation energy of MAPbI3, stress factors such as moisture, heat, light have a profound effect on 
its stability. Even the presence of a small amount of moisture is enough to alter the composition 
of MAPbI3 perovskite crystals and accelerate the decomposition process. Therefore, additional 
actions should be taken in order to minimize the contact of MAPbI3 with atmospheric moisture. 
There are a couple of ways to protect the MAPbI3 layer from moisture exposure. One approach is 
to apply physical barrier layers between MAPbI3 and the environment so that moisture cannot 
come in contact with the perovskite layer. The previous chapters (Chapter 2 and 3) discussed this 
approach. Another approach is to replace MAPbI3 with more stable perovskite compositions.  
Having different A-site cations like MA, FA and Cs and anions (X) such as I, Br, and Cl, hybrid 
organic inorganic lead iodide perovskites (APbX3) can have several compositions. Each 
composition is chemically different. Therefore, each has a different reactivity and affinity towards 
water. For example, among MAPbX3 (where X = I, Br, and Cl) MAPbCl3 and MAPbBr3 are more 
stable than MAPbI3 in ambient humidity.132 The partial replacement of I by Br improves the 
moisture stability of the resulting MAPbBrxI3-x composition.126 Similarly, replacing the MA cation 
and FA cation with the inorganic Cs cation increases the moisture stability.135-137, 266  
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Recently, FAPbI3 has gained popularity over other pure compositions although its instability 
remains problematic.26, 267 Previous studies have revealed that doping with a small amount of Cs 
can improve its stability.135, 136 According to Lee et al., Cs0.1FA0.9PbI3 based devices have higher 
stability (in 40-50 % RH) and slightly better performance than pure FAPbI3.135 However, there is 
no study related to the decomposition rates or the decomposition mechanisms. Hence, 
Cs0.1FA0.9PbI3 will be one of the important mixed compositions for this study. After the work by 
Saliba et al., Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 gained popularity and has been used in high 
performance devices.141 Hence, Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 will be another important 
composition in this study. 
Several studies have reported trends in the moisture stability of lead halide perovskites; however, 
a comprehensive understanding of the moisture stability of the various perovskite compositions is 
missing. In addition, the decomposition mechanisms of these perovskites are poorly understood. 
Comparing the different studies done in different labs is also hard, as there are huge geographical 
and seasonal variations between locations. Most of these experiments are conducted at room 
temperature and under “ambient” conditions without having any tight control over the 
environment. Therefore, the results of these experiments are uncertain, incomparable, and often 
conflicting. This makes it extremely difficult to draw meaningful comparisons between these 
experiments carried out in different laboratories, which in turn limits insight into the degradation 
process. In order to provide meaningful insight into the decomposition mechanism it is necessary 
to conduct experiments which are comparable and reproducible with tight control over the 
environmental conditions.  
    This chapter discusses the results of a quantitative investigation of the moisture-induced 
degradation of eight different perovskite compositions by in situ studies. In situ methodologies are 
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important and necessary tools to study these degradation processes as they provide continuous, 
reliable, and real-time data. They can provide crucial information on the transient stages of a 
degradation mechanism, and help to detect metastable phases which could otherwise be missed by 
non-continuous, ex situ studies. We have carefully studied the decomposition rates of different 
perovskite compositions by using in situ absorption spectroscopy in an environmental chamber 
where the RH was carefully controlled. By in situ GIWAXS, we were able to monitor changes in 
the perovskite crystallinity and phase which enabled us to gain important insights into the intrinsic 
moisture instability of different perovskite compositions. Our studies have revealed that the 
degradation of lead halide perovskites at high RH is a more complex process than is typically 
thought.  
4.2. Experimental Section  
 Materials 
 Lead(II) iodide (99%), lead(II) bromide (98%), and cesium iodide were purchased from Sigma 
Aldrich. Cesium bromide was purchased from Alfa Aesar. All the materials were used as received. 
N,N-Dimethylformamide, dimethyl sulfoxide, chlorobenzene was purchased from Fisher scientific 
and was dried and stored over molecular sieves 3Å inside a nitrogen-filled glove box.    
MAI, FAI, MABr, FABr were synthesized in the lab following standard procedures.18, 268 
Film Formation 
All films were deposited on 1 inch × 1 inch glass substrates that had been cleaned by sequentially 
sonicating in dilute Extran 300 detergent, acetone, and isopropanol for 20 min. The substrates were 
stored in isopropanol. Before film deposition the substrates were blown dry in a jet of nitrogen. 
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Perovskite precursor solutions were prepared by completely dissolving the starting materials and 
filtering the solution through a 0.45 µm syringe filter. All films were prepared inside a glove box 
in an inert atmosphere (<5 ppm of O2 and <1 ppm of H2O) 
MAPbI3. The MAPbI3 perovskite films were prepared from perovskite precursor solution by 
completely dissolving 1 mmol PbI2 and 1 mmol methylammonium iodide (MAI) in 1 mL of 4:1 
DMF/DMSO. Then the solution was spun at 1000 rpm for 10 s followed by 4000 rpm for 20 s. 
150 µL of chlorobenzene was dripped onto the surface 9 s prior to the end of the program. Then 
the film was annealed at 65 °C for 1 minute and 100 °C for 3 minutes.  
FAPbI3. To prepare FAPbI3 films, first 1 mmol PbI2 and 1 mmol formamidinium iodide (FAI) 
were dissolved in 1 mL of 4:1 DMF/DMSO. The solution was spin-coated at 1000 rpm for 10 s 
followed by 4000 rpm for 20 s. 150 µL of chlorobenzene was dripped onto the surface 7 s prior to 
the end of the program. The films were annealed at 50 °C for 3 minutes and 150 °C for 5 minutes.  
CsPbI3. 1 mmol CsI and 1 mmol PbI2 were dissolved in 1 mL of 7:3 DMF/DMSO. The solution 
was spun at 1000 rpm for 10 s followed by 4000 rpm for 20 s. 150 µL of chlorobenzene was 
dripped onto the surface 7 s prior to the end of the program. The resulting films were annealed at 
50 °C for 3 minutes and at 350 °C for 5 minutes.  
Cs0.1FA0.9PbI3. For Cs0.1FA0.9PbI3, the precursor solution was prepared by dissolving CsI (25.9 
mg, 0.1 mmol), FAI (154.8 mg, 0.9 mmol), and PbI2 (461 mg, 1 mmol) in 1 mL of 4:1 
DMF/DMSO. Cs0.1FA0.9PbI3 films were prepared by following the same procedure as FAPbI3.  
Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3. Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 films were prepared by 
dissolving CsI (25.9 mg, 0.1 mmol), MAI (23.8 mg, 0.15 mmol), FAI (129 mg, 0.75 mmol), PbBr2 
(55 mg, 0.15 mmol), and PbI2 (391.9 mg, 0.85 mmol) in 1 mL 4:1 DMF/DMSO solution. Then the 
solution was spun at 1000 rpm for 10 s followed by 4000 rpm for 20 s. 150 µL of chlorobenzene 
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was dripped onto the surface 7 s prior to the end of the program. The films were annealed at 100 
°C for 90 minutes.   
MAPbBr3 and FAPbBr3. MAPbBr3 and FAPbBr3 were prepared from 1 M PbBr2 and 1 M 
MABr or FABr solution in 4:1 DMF/DMSO followed by spin-coating at 1000 rpm for 10 s 
followed by 4000 rpm for 20 s. 150 µL of chlorobenzene was dripped onto the surface 12 s prior 
to the end of the program. MAPbBr3 and FAPbBr3 films were annealed at 100 °C for 10 minutes 
and 150 °C for 10 minutes respectively.  
CsPbBr3. To deposit CsPbBr3 films a two steps deposition technique was adopted. First, PbBr2 
films were deposited from a 1.2 M PbBr2 solution dissolved in DMF by spin-coating at 3000 rpm 
for 15 s. The films were annealed at 75 °C for 30 minutes. Then the resulting PbBr2 films were 
dipped into a 17 mg/mL CsBr in ethanol solution at 70 °C for 10 minutes. The films were then 
annealed at 250 °C for 30 minutes.  
 Characterization  
4.2.3.1. UV/vis Spectroscopy  
A stream of nitrogen carrier gas was bubbled through water in order to generate a stream of 
saturated (97 ± 3% RH) water vapor which was then flowed into a custom-built sample holder 
placed inside a Cary 6000i spectrophotometer. The RH and temperature were measured 
downstream of the sample chamber by an RH-USB humidity sensor (Omega). Spectra were 
collected at 15 minute intervals. 
4.2.3.2. GIWAXS 
In situ GIWAXS measurements were performed at the Hard X-ray MicroAnalysis (HXMA) 
beamline of the Canadian Light Source. An energy of 17.998 keV (λ = 0.6888 Å) was selected 
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using a Si(111) monochromator. The diffraction patterns were collected on a SX165 CCD camera 
(Rayonix) using an acquisition time of 1-10 s as suitable for different samples. The sample-to-
detector distance (239 mm) was calibrated using a LaB6 powder standard. For in situ experiments, 
devices were mounted in a custom-built gas-tight sample chamber. Nitrogen carrier gas was 
connected to a series of mass flow controllers (Alicat MC-5SLPM-D) and water-filled bubblers, 
and the output of this system connected to the sample chamber (Figure 4.1). The RH inside the 
chamber was controlled by varying the relative flow rates of dry nitrogen and nitrogen saturated 
with water vapor, and was validated by a flange-mounted humidity sensor (RH-USB, Omega). 
The RH was maintained 90 ± 5%. GIWAXS patterns were acquired every 30-180 s depending 
upon the samples.  
 
Figure 4.1 Schematic illustration of the RH control setup to control the chamber humidity.  
4.2.3.3. Data Processing 
The 2D GIWAXS patterns were processed using the GIXSGUI214 and Datasqueeze software 
packages; the patterns were calibrated in Datasqueeze, solid angle corrections applied, and the data 
reshaped to account for the missing wedge along qz. Azimuthally-integrated scattering intensities 
were calculated using the Datasqueeze 3.0 software package; data were azimuthally-integrated 
nitrogen gas saturated nitrogen gas








between –75° ≤ χ ≤ 75° and 0.3 Å–1 ≤ q ≤ 2.9 Å–1 in 0.002 Å–1 increments. The diffuse background 
(primarily due to scattering from the glass substrate) was subtracted by fitting to a spline curve. 
4.2.3.4. Powder X-ray Diffraction  
pXRD was performed on a PANalytical Empyrean diffractometer configured with cobalt (λ = 
1.79 Å) x-ray source. 
4.3. Results and Discussion 
 This chapter discusses the decomposition rates and degradation mechanisms of the different 
perovskite compositions listed in Figure 4.2. These include the pure iodides (MAPbI3, FAPbI3, 
and CsPbI3), pure bromides (MAPbBr3, FAPbBr3, and CsPbBr3) and the mixed perovskite 
compositions Cs0.1FA0.9PbI3 and Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3. All decomposition studies were 




Figure 4.2 Representation of a cubic lead perovskite (APbX3) unit cell and a list of the perovskite 
compositions studied. 
Decomposition Rates of Different Perovskite Compositions  
In order to compare and analyze the decomposition rates of different perovskite compositions, 
in situ UV-visible spectroscopy was used (Figure 4.3a).68, 260 The samples (Figure 4.3b) were 
placed inside a custom-built UV–vis sample holder. Nitrogen gas was allowed to flow at a certain 
rate (0.25 SLPM) through two mass flow controllers, one of which was connected to two water 
bubblers.  The flow rates were adjusted in such a way so as to produce gas with a fixed RH of 95 
± 5%. The humidity and temperature of the waste gas were measured downstream using a humidity 
sensor. Absorbance spectra were acquired every 15 min. A representative dataset for MAPbI3 is 
shown in Figure 4.3c. All other spectra are shown in Figure 4.4. The normalized absorbance at 
500 nm (a wavelength at which all of the perovskites absorb strongly) is plotted as a function of 
time (Figure 4.3d). As the films degrade, the absorbance at 500 nm decreases. The rate of 
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decomposition is strongly dependent on the composition. Among the different compositions, the 
iodides appear to be the least stable, followed by the mixed compositions. The bromides tend to 
be more stable, with MAPbBr3 and FAPbBr3 lasting longer than a week at > 95% RH. Note that 
the initial absorption spectra of the perovskite films (at t = 0 h) (Figure 4.4) are consistent with 
the literature; the iodides have optical bandgaps near 750-850 nm and the bromides have bandgaps 
near  ̴ 550 nm.14, 17, 18    
 
Figure 4.3 (a) Schematic representation of experimental setup; (b) a schematic representation of 
the films used for this experiment; (c) UV–vis spectra of a MAPbI3 film exposed to flowing N2 gas 
with RH = 95 ± 5%, data acquired at 15 min intervals; (d) Normalized absorbance at 500 nm as a 






Figure 4.4 UV-vis spectra, acquired at 15 min intervals, of a perovskite thin films exposed to high 
humidity RH = 95 ± 5%; (a) MAPbI3, (b) FAPbI3, (c) CsPbI3, (d) Cs0.1FA0.9PbI3, (e) 
Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3, (f) MAPbBr3, (g) FAPbBr3, (h) CsPbBr3. 
In order to quantitatively analyze the rate of decomposition of the perovskite films, the term τ1/2 
was defined as the time at which the absorbance of the film becomes half of the initial value. 
Among the different iodide compositions, CsPbI3 (here, it refers to the black perovskite phase, α-
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CsPbI3) is the least stable with a τ1/2 of 0.13 h (Figure 4.3d). As soon as it came into contact with 
moisture it decomposed rapidly. FAPbI3 (i.e. black α-FAPbI3) was more resistant towards 
moisture-induced decomposition than CsPbI3. The τ1/2 was found to be ca. 0.33 h (Figure 4.3d). 
Among the iodides, MAPbI3 had the slowest decomposition rate with a τ1/2 of 1.8 h (Figure 4.3d).  
In contrast to pure iodides, the mixed compositions have superior moisture stability. For 
example, when a small fraction of FA is replaced by Cs (Cs0.1FA0.9PbI3), the stability increases, 
with τ1/2 ≈ 6 h (Figure 4.3d). Incorporating Cs also helps to stabilize the alpha phase, making it 
more resistant towards phase change.269 The stability improves further if bromide is incorporated 
in the mixed composition. This is evident from the fact that Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 has a 
higher τ1/2 value  ( τ1/2 ≈ 10 h) (Figure 4.3d) than Cs0.1FA0.9PbI3 (τ1/2 ≈ 6 h).  
Among the pure bromide compositions, CsPbBr3 is the least stable with a measured τ1/2 ≈ 2 h 
(Figure 4.3d). The decomposition rate is similar to the decomposition rate of MAPbI3 (τ1/2 ≈ 1.8 
h). The decomposition kinetics of MAPbBr3 and FAPbBr3 were very similar (Figure 4.3d). For 
FAPbBr3, within a few hours the absorbance at 350-550 nm started to increase (Figure 4.3d). This 
could be an indication of a solvent annealing effect. As moisture penetrates the film, small 
crystallites join together to form larger ones. At t = 16.75 h, the absorbance below the band edge 
(350-550 nm) also changed while the band edge remains almost at 550 nm (Figure 4.5a). A 
significant increase in the absorbance post-band edge at 600-850 nm was observed. This could be 
due to an increase in Mie scattering from larger crystallites. At longer times the absorbance slowly 
decreases, indicating a slow degradation process. At t = 71 h, the absorbance at 350-550 nm had 
decreased significantly, whereas the absorbance at 600-900 nm had increased significantly (Figure 
4.5a). A similar trend was also observed for MAPbBr3. The absorbance increased until t = 0.75 h 
and then it started to decrease slowly with time (Figure 4.5b). At t = 114.75 h, the absorbance at 
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350-550 nm decreased significantly indicating decomposition of MAPbBr3 (Figure 4.5b). The 
post-band edge absorbance at 550-900 nm increased significantly indicating significant amount of 
Mie scattering (Figure 4.5b).  
 
Figure 4.5 (a) Absorption spectra of a FAPbBr3 thin film on glass: as-prepared (black line), after 
exposure to high relative humidity (RH = 95 ± 5%) for 16.75 hours (blue line) and after 71 hours 
(red line); (b) absorption spectra of a MAPbBr3 thin film on glass: as-prepared (black line), after 
exposure to high relative humidity (RH = 95% ± 5%) for 0.75 hours (blue line) and 114.75 hours 
(red line).    
Degradation Mechanisms of Different Perovskite Compositions 
In order to record and analyze the structural and phase changes occurring during perovskite 
degradation processes, in situ GIWAXS was used. The in situ GIWAXS experimental setup has 
been previously reported by our group.224 A custom-built gas tight chamber equipped with a 
flange-mounted RH sensor and connected to two water bubblers was used. An x-ray flight tube 
and Kapton window allowed for simultaneous acquisition of GIWAXS data. The RH was 
controlled by controlling the ratio of dry and wet nitrogen. A high RH (90 ± 5%) was used unless 
otherwise stated. The flow rate (5 SLPM) was kept constant throughout the experiment. GIWAXS 
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patterns were acquired at 30-120 s intervals using fast shutters and a 1-10 s acquisition time 
depending upon the rate of decomposition and scattering intensity. The experiments were carried 
out at the Hard X-ray MicroAnalysis (HXMA) beamline of the Canadian Light Source. The high 
x-ray flux of the synchrotron facility and the fast response of a CCD area detector allow better and 
faster data acquisition in real-time.  
4.3.2.1. MAPbI3 
The MAPbI3 film was placed inside a sample chamber which was flooded with humid nitrogen 
(90 ± 5%). The GIWAXS data was acquired in situ every 120 s. The initial diffraction pattern (t = 
0 h) of MAPbI3 had peaks at q ≈ 1.0, 1.4, 1.68, 1.73, 2.02, 2.26, 24.8, 2.87, and 3.02 Å–1 (Figure 
4.6), consistent with reflections from the tetragonal phase of pure MAPbI3 (Figure 4.7a-b). As the 
film was exposed to high humidity, additional diffraction rings began to appear. At t = 0.3 h rings 
at q ≈ 0.9 and 2.8 Å–1 started to grow which could be assigned to reflections from the (001) and 
(21̅0) planes of PbI2 (Figure 4.7a-b). At t = 1.1 h, two prominent peaks were observed at low 
diffraction angles (ca. q ≈ 0.6 and 0.74 Å–1) (Figure 4.7b). These peaks indicate the formation of 
the monohydrate phase, MAPbI3·H2O by intercalation of water in the MAPbI3 lattice.70 With time 
the intensity of the monohydrate peaks increased rapidly, while the perovskite decomposed. After 
2.1 h the perovskite peaks almost disappeared leaving the monohydrate and PbI2 as the major 
products (Figure 4.7a-b). Interestingly, the monohydrate appeared to be one of the major products 




Figure 4.6 2D GIWAXS patterns of MAPbI3 films on glass when exposed to a 90 ± 5% RH 
environment. 
  
t = 0 h t = 0.06 h 
t = 0.16 h t = 0.33 h 
t = 0.72 h t = 1.1 h 




Figure 4.7 Degradation of MAPbI3 film when exposed to 90 ± 5% RH; (a) 2D contour plot 
showing the azimuthally integrated diffraction intensity as a function of both scattering vector (q) 
and time, (b) azimuthally-integrated GIWAXS pattern for MAPbI3 exposed to high humidity (RH 
90 ± 5%) at different time compared with predicted pXRD pattern of MAPbI3, MAPbI3·H2O, and 
PbI2, and (c) absorption spectra of a MAPbI3 thin film on glass: as-prepared (black line), after 
exposed to high relative humidity (RH = 95%) for 2 hours (red line) or after 4.25 hours (blue line). 
This decomposition process can be visualized using a 2D contour plot, which is the azimuthally-
integrated diffraction intensity as a function of both scattering vector (q) and time (Figure 4.7a).   
The in situ UV-visible spectroscopy data supports these conclusions. At t = 2 h, the absorbance 
had decreased significantly in the 450-760 nm region, while the band edge characteristic was still 
intact (Figure 4.7c). However, the band edge completely disappeared at t = 4.25 h, with a flat 
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baseline from 450-760 nm (Figure 4.7c). The absorbance at 350-450 nm matched the spectrum of 
PbI2, indicating PbI2 as one of the major decomposition products (Figure 4.7c). 
4.3.2.2. FAPbI3 
The FAPbI3 film was placed inside a sample chamber which was flooded with humid nitrogen 
(90 ± 5%). The GIWAXS data was acquired in situ every 60 s. The initial GIWAXS pattern (at t 
= 0 h) had peaks at q ≈ 1.0, 2.0, 2.3, 2.7, and 3.0 Å–1 (Figure 4.8). These indicate the pure α-
FAPbI3 cubic phase, consistent with reflection from (100), (110), (111), (200), and (210) lattice 
planes, respectively (Figure 4.9b). As soon as humidity was introduced, new rings started to 
appear. At t = 0.04 h peaks for δ-FAPbI3 and PbI2 were be observed. The diffraction rings at q ≈ 
0.84, 1.16, 1.46, 1.62, 1.79, 1.86, 2.15, 2.23, 2.31, 2.44, 2.54, and 2.72 Å–1 correspond to δ-FAPbI3 
while the rings at q ≈ 0.8 and 2.8 Å-1 are from PbI2 (Figure 4.9b). With time the intensity of the 
rings corresponding to the δ-phase increased, whereas a serious drop in the intensity of the α-
FAPbI3 rings was observed (Figure 4.9b). At t = 0.28 h, α-FAPbI3 mostly converted into δ-FAPbI3 
with the formation of a small amount of PbI2 as one of the decomposed products (Figure 4.9b). 
When black FAPbI3 is subjected to ~ 90% RH it started to decompose faster than MAPbI3, as 
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Figure 4.9 Degradation of FAPbI3 film when exposed to 90 ± 5% RH; (a) 2D contour plot showing 
the azimuthally integrated diffraction intensity as a function of both scattering vector (q) and time, 
(b) azimuthally-integrated GIWAXS pattern for FAPbI3 exposed to high humidity (RH = 90 ± 5%) 
at different time compared with predicted pXRD pattern of α and δ-FAPbI3, and PbI2, (c) 
absorption spectra of a FAPbI3 thin film on glass: as-prepared (black line), after exposed to high 
relative humidity (RH ≈ 95%) for 1.75 hours (red line) or after 3 hours (blue line). 
Similar observations were found using in situ UV-vis spectroscopy. At t = 0 h, the characteristic 
absorbance spectrum of α-FAPbI3 can be observed.136 At intermediate times (t = 1.75 h) the 
spectrum mostly resembles that of δ-FAPbI3, except it still has the band edge around 800 nm 
(Figure 4.9c). At t = 3 h, the band edge at 800 nm completely disappeared and there is no 
absorbance between 450-800 nm (Figure 4.9c). At this point, only the characteristic absorbance 
for δ-FAPbI3 could be observed, which matches with the literature.136 
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From the decomposition process it is quite obvious that the black cubic α-FAPbI3 is meta-stable 
at room temperature. It slowly transforms from the alpha phase to the delta phase to release the 
inbuilt lattice strain. The lattice strain originates from a higher tolerance factor caused by the larger 
FA cation.136 External stimuli like moisture catalyze this phase transfer process by decreasing the 
activation energy for this phase change. The effect of moisture can possibly be rationalized as 
following. Frist, moisture infiltrates through the grain boundary of α-FAPbI3. Then it solvates α-
FAPbI3 which results in increasing ion diffusion, allowing the lattice to rearrange to relieve strain. 
When pure α-FAPbI3 is subjected to a humid environment, the phase transfer from α→δ can be 
observed (Figure 4.9a). 
4.3.2.3. CsPbI3         
   The CsPbI3 films were placed inside a sample chamber with high RH (90 ± 5%). GIWAXS 
data was acquired every 60 s (Figure 4.10). As with FAPbI3, a phase change was observed for 
CsPbI3 as it is subjected to high humidity. The cubic α-CsPbI3 to orthorhombic δ-CsPbI3 transition 
takes place much faster than that of FAPbI3. The initial diffraction pattern (t = 0 h) had peaks at q ≈ 
1.0, 1.4, 1.7, 2.0, 2.23, 2.33, 2.5 and 2.85 Å–1 for α-CsPbI3 (Figure 4.11a-b). In order to make 
these measurements, the samples were carried from the lab to the CLS and stored outside for hours 
in a desiccator. The samples also took several minutes to load and to set up the initial scans. It is 
possible in that time the highly sensitive α-CsPbI3 started to decompose which is reflected in the 
diffraction pattern. That is why additional rings were observed at q ≈ 1.14, 1.47, 1.59, 1.63, 1.78, 
1.88, 1.91, 1.97, 2.33, and 2.4 Å–1 (Figure 4.11b). As soon as the humidity of the chamber was 
turned on, new rings appeared in the diffraction pattern (Figure 4.10-11). The new peaks at q ≈ 
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0.71, 0.93, 1.2, 1.21, 1.25, 1.54, 1.6, 1.77, 1.79, 1.81, 1.86, 1.91, 2.19, 2.31, 2.44, 2.64, and 2.84 
Å–1 appeared at t = 0.02 h which correspond to δ-CsPbI3 (Figure 4.10-11).  
 
Figure 4.10 2D GIWAXS patterns of CsPbI3 films on glass, after 0 h, 0.02 h, and 0.24 h exposure 
to a 90 ± 5% RH environment.  
  
t = 0 h t = 0.02 h 




Figure 4.11 Degradation of CsPbI3 film when exposed to 90 ± 5% RH; (a) 2D contour plot 
showing the azimuthally integrated diffraction intensity as a function of both scattering vector (q) 
and time, (b) azimuthally-integrated GIWAXS pattern for CsPbI3 exposed to high humidity (RH 
90 ± 5%) at different time compared with predicted pXRD pattern of α and δ-CsPbI3, (c) UV-vis 
spectra, acquired at 15 min intervals, of a CsPbI3 film exposed to high humidity RH = 95 ± 5%; 
red line as prepared and blue line after 15 minutes. 
The rings appeared to be broader indicating the formation of less-ordered powder-like 
decomposition products (Figure 4.10). This α→δ transition took place within a few seconds 
(Figure 4.10-11). Additionally, a trace amount of PbI2 was found. Mostly the diffraction peaks of 
PbI2 overlap with those of δ-CsPbI3, which makes the analysis difficult. The rings at q ≈ 0.93, 1.86, 
and 2.44 Å–1 match the reflections from PbI2 (Figure 4.11b). Mostly, the ring at q ≈ 2.44 Å–1 stands 
out as it corresponds to neither the α nor the δ phase of CsPbI3 (Figure 4.11b). Within a few 
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seconds, at t = 0.03 h, the α-CsPbI3 completely disappeared leaving only the δ-CsPbI3, as the major 
decomposed product accompanied by a trace amount of PbI2 (Figure 4.11a).  To study the effect 
of drying on the decomposition, the chamber was flushed with dry nitrogen for 0.14 h after the 
decomposition (t = 0.1 h); no change was observed either in the ring intensity or in the diffraction 
pattern. This suggests that decomposition process is irreversible (Figure 4.11a).  
To study the moisture-triggered phase transfer process further, an additional experiment was 
conducted. To eliminate other parameters, first, the chamber was flushed with dry nitrogen for 
0.06 h while the GIWAXS pattern of a fresh sample was recorded at 5 s intervals. No change in 
the diffraction pattern was observed (Figure 4.12). When the chamber was flooded with humid 
nitrogen, within a few seconds (ca. 10 s), the intensity of the δ-CsPbI3 rings started to increase. 
Within 60 s of turning on the humidity, the α-CsPbI3 completely converted into δ-CsPbI3. This 
rapid α→δ phase transformation is supported by the in situ UV-vis study (Figure 4.11c). The 
initial absorbance spectrum of α-CsPbI3 matches with the literature.270 As soon as the humidity 




Figure 4.12 2D contour plot showing the azimuthally integrated diffraction intensity as a function 
of both scattering vector (q) and time of CsPbI3.  
4.3.2.4. Cs0.1FA0.9PbI3 
The Cs0.1FA0.9PbI3 film was placed inside a sample chamber with high RH (90 ± 5%). The 
GIWAXS data was acquired in situ every 120 s. The initial pattern (t = 0 h) had peaks at q ≈ 1.0, 
1.42, 1.73, 2.0, 2.24, 2.44, and 2.83 Å–1 from α-Cs0.1FA0.9PbI3 (Figure 4.13-4.14). As soon as the 
film came into contact with humid nitrogen (t = 0.037 h), additional peaks started to appear. The 
peaks at q ≈ 0.93 and 1.83 Å–1 (Figure 4.13 and 4.14b) correspond to PbI2 and the peaks at q ≈ 
0.56 and 0.68 Å–1 may be due to the formation of hydrate phases. With time the amount of PbI2 
kept on increasing. Interestingly, the intensity of the perovskite (α-Cs0.1FA0.9PbI3) increased and 
reached its highest value at t = 0.558 h. This may be attributed to the solvent annealing effect by 
water vapor which helps to grow larger size crystallites. At this point minimal amount of perovskite 
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decomposition had occurred and negligible PbI2 was present. The results suggest that 0.5 h 




t = 0.037 h t = 0 h 
t = 1.49 h 
t = 2.23 h t = 2.98 h 





Figure 4.13 2D GIWAXS patterns of Cs0.1FA0.9PbI3 films on glass, after 0 h, 0.037 h, 0.56 h, 1.49 
h, 2.23 h, 2.98, 3.72 h, 5.58 h, 7.07 h, and 7.56 h exposure to a 90 ± 5% RH environment.  
  
t = 3.72 h t = 5.58 h 




Figure 4.14 Degradation of Cs0.1FA0.9PbI3 film when exposed to 90 ± 5% RH; (a) 2D contour plot 
showing the azimuthally integrated diffraction intensity as a function of both scattering vector (q) 
and time, (b) azimuthally-integrated GIWAXS pattern for Cs0.1FA0.9PbI3 exposed to high humidity 
(RH 90 ± 5%) at different time compared with predicted pXRD pattern of α and δ-FAPbI3 and α 
and δ-CsPbI3, and PbI2, (c) absorption spectra of a Cs0.1FA0.9PbI3 thin film on glass: as-prepared 
(black line), after exposed to high relative humidity (RH ≈ 95%) for 4 hours (red line), after 8 
hours (blue line), after 16 hours, (green line) after 24 hours (purple line) and after 43.5 hours 
(orange line), (d) absorption spectra of a Cs0.1FA0.9PbI3 thin film on glass fitted to FAPbI3 (after 
1.75 h, blue dotted line) and δ-FAPbI3 (after 3 h, olive dotted line); Cs0.1FA0.9PbI3 thin film after 





The diffraction peaks (q ≈ 0.85 Å–1) for δ-Cs0.1FA0.9PbI3 started to appear at t = 0.558 h and the 
intensity kept on increasing (Figure 4.14b). However, the intensity of the rings at q ≈ 0.56 and 
0.68 Å–1 slowly started to decrease and at t = 7.07 h they almost disappeared (Figure 4.14b), 
consistent with our hypothesis of a transient hydrate phase. PbI2 and δ-Cs0.1FA0.9PbI3 were the 
major decomposed products of α-Cs0.1FA0.9PbI3.  
The chamber was flushed with dry nitrogen for 0.5 h to study the reversibility of the 
decomposition process. As soon as dry nitrogen was introduced the peaks at lower diffraction 
angle started to disappear (Figure 4.15). After 0.5 h of drying, the peaks at q ≈ 0.56 and 0.68 Å–1 
completely disappeared, suggesting the metastable nature of this compound (Figure 4.13). The 
intensity of the PbI2 and δ-Cs0.1FA0.9PbI3 peaks decreased with an increase in the intensity of the 
α-Cs0.1FA0.9PbI3 peaks (Figure 4.15). This suggests the reversibility of the decomposition process 
upon drying. In contrast with the decomposition process of FAPbI3, the decomposition mechanism 




Figure 4.15 Azimuthally-integrated GIWAXS pattern for Cs0.1FA0.9PbI3 at t = 7.07 h and 7.56 h 
compared with predicted pXRD patterns of α-FAPbI3, δ-FAPbI3, and PbI2. 
The decomposition process of Cs0.1FA0.9PbI3 (mainly α→δ phase transformation) was also 
supported by in situ UV-vis spectroscopy. The initial absorption spectrum of Cs0.1FA0.9PbI3 
matches that of the α-phase. With time the absorption below 450 nm started to change and looked 
more similar to the δ-phase of Cs0.1FA0.9PbI3 (Figure 4.14c-d). The absorbance at t = 16 h closely 
matches the spectrum of δ-FAPbI3, indicating a complete α→δ transition (Figure 4.14d). Upon 
further exposure to high humidity, the δ-phase decomposed to other products, as evident by a loss 
of absorbance in the 350-450 region (Figure 4.14c). At t = 43.5 h, only a baseline was seen 
indicating complete decomposition of the δ-phase (Figure 4.14c). The mixed Cs0.1FA0.9PbI3 
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perovskite is more resistant towards moisture compared to pure FAPbI3 and CsPbI3. This is mainly 
attributed to a decrease in lattice strain.135  
4.3.2.5. Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 
Among the different perovskite compositions, incorporating three cations (i.e., Cs, MA, FA) in 
a mixed lead bromide iodide system (for example, Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3) has proven to 
be most effective at producing high performing devices.141, 271 As claimed by earlier studies, this 
type of mixed composition has a longer lifetime.272 However, when 
Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 was subjected to high humidity it started to decompose (Figure 
4.16-4.17). Initial (t = 0 h) diffraction peaks at q ≈ 1.0, 1.44, 1.76, 2.02, 2.26, 2.48, and 2.86 Å–1 
corresponded to the perovskite phase of Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 (Figure 4.16-4.17). 
Within a few minutes, a peak started to grow at q ≈ 0.82 Å–1, which may correspond to the δ-phase. 
After 1 h a significant amount of PbI2 (q ≈ 0.91 and 1.83 Å–1) and δ-phase (q ≈ 0.82, 1.29, 1.63, 
1.89, and 2.55 Å–1) can be observed as major decomposition products. Non-uniform diffraction 
rings appeared at t = 1 h (Figure 4.16), suggesting the formation of large crystallites of PbI2. With 
time the diffraction from PbI2 almost disappeared, suggesting PbI2 formed as an intermediate in 
the decomposition process (Figure 4.17). To check the reversibility of the decomposition process 
the chamber was purged with dry nitrogen for 0.1 h. This resulted in a significant decrease in the 
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intensity of the δ-phase while the intensity of the perovskite peaks increased (Figure 4.18). This 
suggests that the decomposition process is at least partially reversible.  
 
Figure 4.16 2D GIWAXS patterns of Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 films on glass, at different 
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Figure 4.17 Degradation of Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3  film when exposed to 90 ± 5% RH; 
(a) 2D contour plot showing the azimuthally integrated diffraction intensity as a function of both 
scattering vector (q) and time, (b) azimuthally-integrated GIWAXS pattern for 
Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 exposed to high humidity (RH 90 ± 5%) at different time 
compared with predicted pXRD pattern of α and δ-FAPbI3, δ-CsPbI3, and PbI2, (c) UV-vis spectra, 
acquired at 15 min intervals, at high humidity RH (95 ± 5%); black line as prepared and red line 





Figure 4.18 Azimuthally-integrated GIWAXS pattern for Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 at t = 
3.25 h and 3.55 h (after drying) compared with predicted pXRD patterns of α-FAPbI3, δ-FAPbI3, 
PbI2, and δ-CsPbI3. 
When the experiment was repeated with a duplicate sample using the same conditions, a different 
degradation pathway was observed (Figure 4.19). The perovskite formed an intermediate within 
a few minutes of the introduction of humid nitrogen. At t = 0.18 h peaks appeared at lower 
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diffraction angles (q ≈ 0.57 and 0.69 Å–1). This might be due to the formation of a hydrate phase, 
as they do not match with either PbI2 or the δ-phase (Figure 4.19). Then peaks (q ≈ 0.91 and 1.83 
Å–1) for PbI2 started to grow rapidly. At the end of the degradation, PbI2 was one of the major 
decomposition product, in contrast to the previously observed pathway (Figure 4.17). This 
decomposition is reversible as after drying the PbI2 started to convert into the perovskite again 
(Figure 4.20). However, after a certain time (maybe after 1 min) the recovery stopped. No δ-phase 






Figure 4.19 (a) 2D contour plot showing the azimuthally integrated diffraction intensity as a 
function of both scattering vector (q) and time Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 when exposed to 
90 ± 5% RH, (b) azimuthally-integrated GIWAXS pattern for FAPbI3 exposed to high humidity 
(RH 90 ± 5%) at different time compared with predicted pXRD pattern of α-FAPbI3, δ-FAPbI3, 




Figure 4.20 Azimuthally-integrated GIWAXS pattern for Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 at t = 





4.3.2.6. Comparison of the Degradation Process in FAPbI3, Cs0.1FA0.9PbI3, 
and Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3  
As mentioned earlier, doping FAPbI3 with smaller Cs or MA cations improves its stability. 
Similarly, replacement of iodide by bromide improves moisture stability. So, the expected stability 
order would be FAPbI3 < Cs0.1FA0.9PbI3 < Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 which is supported by 
the in situ UV-vis study at high RH (Figure 4.21). This instability is mainly due to in built lattice 
strain caused by the larger FA cation. As the strain is relieved by alloying with smaller size cations, 
the reactivity towards water decreases. In a humid environment, water molecules get into the lattice 
and make the ions more mobile, which decreases the activation energy barrier for the α→δ phase 
transition. That is why for FAPbI3 the phase change was observed to occur rapidly at high 
humidity. In contrast, for Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 very little to no α→δ phase change was 
observed. It decomposed mainly to PbI2. For Cs0.1FA0.9PbI3, both the δ-phase and PbI2 were 




Figure 4.21 Decomposition of FAPbI3, Cs0.1FA0.90PbI3, and Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3; (a) 
Normalized absorbance at 500 nm as a function of time, azimuthally-integrated GIWAXS pattern 
at 90 ± 5% RH for (b) FAPbI3, (c) Cs0.1FA0.90PbI3, and (d) Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 
respectively.     
4.3.2.7. MAPbBr3 and FAPbBr3 
Among all the perovskite compositions, MAPbBr3 showed an impressive stability at high RH. 
Within our limited in situ GIWAXS experimental time, no new diffraction rings were observed. 
The initial diffraction pattern of MAPbBr3 at q ≈ 1.06, 1.5, 2.1, 2.36, and 2.59 Å–1 is consistent 
with reflection from the (100), (110), (200) (210), and (211) lattice planes of pure cubic MAPbBr3 
(Figure 4.22-4.23). After introducing high humidity, over a period of 8 h almost no changes in the 
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diffraction peaks were observed (Figure 4.23). However, with time the intensity the peak slowly 
decreased. This is mainly attributed to decay of the synchrotron x-ray beam with time (Figure 
4.23). 
 
Figure 4.22 2D GIWAXS patterns of MAPbBr3 films on glass, at different time when exposed to 
a 90 ± 5% RH environment. 
 
Figure 4.23 (a) 2D contour plot showing the azimuthally integrated diffraction intensity as a 
function of both scattering vector (q) and time for MAPbBr3, (b) azimuthally-integrated GIWAXS 
pattern for MAPbBr3 at t = 0 h, and t = 8 h compared with predicted pXRD pattern. 
  
t = 8 h t = 0 h 
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Like MAPbBr3, FAPbBr3 has good stability towards moisture. The diffraction pattern at t = 0 h 
(q ≈ 1.05, 1.49, 1.83, 2.12, 2.36, and 2.59 Å–1) is consistent with reflection from the (100), (110), 
(111), (200), (210), and (211) lattice planes of pure cubic FAPbBr3 (Figure 4.24-4.25). After 
introducing high humidity, over a period of 8 h almost no changes in the diffraction peaks were 
observed (Figure 4.25).  
 
Figure 4.24 2D GIWAXS patterns of FAPbBr3 films on glass, at different time when exposed to 
a 90 ± 5% RH environment. 




Figure 4.25 (a) 2D contour plot showing the azimuthally integrated diffraction intensity as a 
function of both scattering vector (q) and time for FAPbBr3, (b) azimuthally-integrated GIWAXS 
pattern for FAPbBr3 at t = 0 h, and t = 7.5 h compared with predicted pXRD pattern. 
To follow the full decomposition process of MAPBr3 and FAPBr3, ex situ pXRD experiments 
were carried out at high RH. Due to the solvent annealing effect of water vapor, the intensity of 
the perovskite peaks increased initially for both MAPBr3 and FAPBr3, then they started to 
decrease. After 20 days, new peaks appeared at 2θ = 18.6°, 21.6°, 22°, 28.9°, 30.6°, 33.8°, and 
37.7° due to partial decomposition of MAPbBr3 into PbBr2 (Figure 4.26). Additional peaks with 
low intensity were found at 2θ = 13.5°, 17.2°, and 19.8° which do not match either MAPbBr3 or 
PbBr2. These peaks may correspond to the formation of a possible hydrate phase. Upon drying, 
the intensity of the PbBr2 decreased significantly with a dramatic increase in the intensity of the 
perovskite peaks which suggests that the decomposition process is partially reversible (Figure 
4.26). In the case of FAPbBr3, after 20 days new peaks appeared at 2θ = 14.4°, 18.5°, 20.9°, 21.6°, 
22°, 24°, 28.4°, 28.9°, 33.4°, and 38.4° which correspond to the diffraction pattern of PbBr2 
(Figure 4.27). Additionally, peaks appeared at 2θ = 10.4° and 28.4° which may again correspond 
169 
 
to a possible hydrate phase. Upon drying, the intensity of the perovskite peaks increased indicating 
the reversibility of the decomposition process (Figure 4.27). 
 




Figure 4.27 pXRD of FAPbBr3 subjected to high humidity (RH 90 ± 5%). 
4.3.2.8. CsPbBr3 
Compared to other bromides, CsPbBr3 is relatively unstable when subjected to high humidity 
(Figure 4.28). The 2D contour plot (Figure 4.29) reflects the decomposition process of CsPbBr3. 
Whereas MAPbBr3 and FAPbBr3 remained unchanged within the 8 h window of beam-time, 
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CsPbBr3 went through a reversible transition to Cs4PbBr6 and CsPb2Br5. The initial diffraction 
pattern (t = 0 h) had peaks at q ≈ 1.08, 1.52, 1.71, 1.80, 1.87, 1.95, 2.18, 2.42, and 2.65 Å–1 from 
the orthorhombic phase of CsPbBr3 (Figure 4.28-4.30). Additionally, a small amount of Cs4PbBr6 
(q ≈ 0.91 Å–1) and CsPb2Br5 (q ≈ 0.84, 1.48, and 2.08 Å–1) were present in the initial diffraction 
pattern. This may be due to the highly moisture sensitive polymorphization of CsPbBr3. A non-
uninform diffraction ring due to the presence of large crystallites of CsPb2Br5 was observed with 
relatively high intensity at q ≈ 2.08 Å–1. When the film came into contact with wet nitrogen, within 
seconds (t = 0.035 h) new peaks started to appear at q ≈ 0.9, 1.43, 1.59, 1.80, 1.95, 2.02, and 2.36 
Å–1 which correspond to Cs4PbBr6. Simultaneously, the intensity of the CsPbBr3 peaks started to 
decrease (Figure 4.28-4.30). The peak at q ≈ 2.08 Å–1 started to disappear and completely 
disappeared after 0.27 h, indicating the disappearance of CsPb2Br5. At t = 0.1 h, the intensity of 
the CsPbBr3 peaks reached a minimum and then started to increase again. At t = 3.8 h, Cs4PbBr6 
completely disappeared, leaving only pure CsPbBr3. This process appears to be catalyzed by 
moisture (Figure 4.29-4.30). Therefore, annealing at high humidity can be used to help produce 
pure CsPbBr3. After a few hour CsPbBr3 again started to decompose into Cs4PbBr6. With time this 
process kept happening while the peak intensity of the perovskite phase increased and the peak 
intensity of Cs4PbBr6 decreased. At the end, the diffraction rings appeared to become more non-
uniform (Figure 4.28) suggesting the formation of larger crystallites. As soon as the chamber was 
flushed with dry nitrogen, Cs4PbBr6 (q ≈ 0.9, 0.92, 1.43, 1.83, 1.95, 2.02, and 2.74 Å–1) and 




Figure 4.28 2D GIWAXS patterns of CsPbBr3 films on glass, at different time when exposed to 
90 ± 5% RH. 
 
  
t = 0 h t = 0.14 h 
t = 0.27 h t = 2.97 h 
t = 3.65 h t = 5.77 h 




Figure 4.29 2D contour plot showing the azimuthally integrated diffraction intensity as a function 




Figure 4.30 Azimuthally-integrated GIWAXS pattern for CsPbBr3 exposed to high humidity (RH 




Figure 4.31 Effect of drying for CsPbBr3, azimuthally-integrated GIWAXS pattern for CsPbBr3 
at t = 6.74 h, and t = 7.23 h. 
Figure 4.32 represents a summarized form of the observed decomposition processes for the 
compositions studied here. By intercalating water molecules, α-APbX3 can form hydrates which 
can either revert back to the original perovskite upon drying or slowly convert into PbX2 and/or 
other decomposition products. In this process the hydrate is a metastable intermediate. MAPbI3, 
Cs0.1FA0.9PbI3, and Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 appear to follow this pathway. To relieve 
lattice stress a phase transformation from α-APbX3 to δ-APbX3 can occur. This transition is 
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catalyzed by humidity. In general, by getting into the crystal lattice, humidity increases the 
mobility of the ions. This in turn catalyzes the phase transformation process. This is usually 
irreversible as drying does not help in the recovery of the α-APbX3 phase. CsPbI3 appears to follow 
this decomposition process. Finally, for the third pathway, humidity decomposes the α-APbX3 by 
converting into δ-APbX3 and PbX2. Decomposition of FAPbI3 appears to occur following this 
pathway.  
 
Figure 4.32 Summary of the moisture-induced decomposition mechanism observed in different 
perovskite compositions.  
4.4. Conclusion   
Taking advantage of in situ experiments in a controlled environment, 8 different perovskite 
compositions were successfully screened for moisture stability. Results from in situ absorbance 
spectroscopic experiments were able to quantitatively evaluate and compare the rates of the 
degradation kinetics. In situ GIWAXS experiments were used to elucidate the mechanistic 
pathways of the decomposition process. The results suggest that pure MAPbBr3 and FAPbBr3 are 
among the most stable compositions whereas CsPbI3, FAPbI3 and MAPbI3 go through rapid 
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degradation in moist environments. However, mixed perovskite compositions like Cs0.1FA0.9PbI3, 
and Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 are more stable than the pure cationic lead iodides. Therefore, 
these type of mixed composition perovskites will likely increase the moisture resistance of PSCs. 




5. Discussion, Conclusion and Future Work 
5.1. Discussion and General Conclusion 
The primary goal of this thesis is to address one of the most relevant problems in the PSC field, 
which is the instability of PSCs. The success of a photovoltaic technology depends on three major 
factors: performance, longevity and cost. In order to compete in the commercial market a PV 
technology needs to have high PCE, long lifetime and low cost. Now, state-of-the-art PSCs have 
efficiencies over 25%, which is similar to other commercially successful PV technologies such as 
silicon PV technology. They are projected to have low manufacturing costs273 and short energy 
payback times.62 However, their longevity lags far behind that of other conventional PV 
technologies. This problem with instability was addressed in this thesis in two ways: the first 
approach is a physical approach, which focused on applying hydrophobic barrier layers between 
the perovskite layer and the environment. This approach helps to minimize the impact of 
environmental stressors like moisture, thus improving the lifetime of PSCs. The second approach 
was a chemical approach where MAPbI3 was replaced with more stable perovskite compositions.  
In the first project (Chapter 2 of this thesis), poly(3-alkoxythiophene) based HTMs with 
different hydrophobicities were synthesized and applied as both HTLs and vapor barriers. The 
moisture-blocking ability of these poly(3-alkoxythiophenes) was comprehensively studied. Owing 
to both the hydrophobicity and solid state packing efficiency, the highly fluorinated polymers 
provided an impressive level of protection to the underlying perovskite. However, the efficiency 
of the fluorinated polymer-based devices was low due to its low hole mobility. The low 
conductivity may be the result of a low molecular weight and a lack of regioregularity. The 
findings in this project suggested that incorporating perfluorinated side chains in HTMs may be 
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an effective strategy to improve the moisture resistance of perovskite devices. Therefore, the 
synthesis of such HTMs with high hole mobility and effective barrier properties would be our next 
step toward the production of long-lived, environmentally stable PSCs. 
The second project (Chapter 3) demonstrated a simple, scalable strategy to improve the 
moisture resistance and device lifetime of PSCs by using a mixture of two commercially available 
polymers (P3HT and PMMA). The mixing of these two polymers in a specific ratio produces a 
highly connected pathways of P3HT nanowires in PMMA matrix. The P3HT nanowires help in 
hole-transport from the MAPbI3 absorber to the top electrode. PMMA provides a better quality of 
protection by effectively reducing the moisture ingress even in very damp environments (99% 
RH). The resulting PMMA/P3HT devices have nearly equivalent performance to that of a compact 
P3HT layer. However, they have shown more than an order of magnitude improvement in the 
stability of the PSCs. In addition to being a better vapor barrier, the studies on devices with Ag 
electrodes show that PMMA/P3HT based HTMs can reduce the diffusion of iodide ions to the top 
Ag electrode. This hinders the formation of AgI, thus slowing down the degradation of the Ag 
electrodes. In short, PMMA/P3HT based HTMs result in an improvement in the moisture stability 
of MAPbI3 based PSCs without sacrificing efficiency. 
The third project (Chapter 4) of this thesis provided an approach to screening a large number 
of compositions based on in situ characterization techniques. This approach allows us to find 
suitable perovskite compositions with better moisture stability. The kinetics study based on in situ 
absorbance spectroscopy allows us to quantitatively evaluate and compare the degradation rates of 
the different compositions. The results suggest that pure bromides are among the most stable 
compositions whereas the iodides go through rapid degradation in moist environment. However, 
mixed composition perovskites such as Cs0.1FA0.9PbI3, and Cs0.1MA0.15FA0.75Pb(Br0.15I0.85)3 are 
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more stable than the pure cationic lead iodides. Therefore, these mixed composition perovskites 
will likely increase the moisture resistance of PSCs thus improving the long-term stability of PSCs. 
This chapter also improves our understanding of the decomposition process by providing a detailed 
analysis of the decomposition mechanism and identifying the byproducts. This can further assist 
in our search for robust perovskite candidates.     
As a whole, this thesis provides a better understanding of how to address the stability issues in 
PSCs. The HTMs developed and described in this thesis have improved the stability of PSCs even 
in very damp conditions. This thesis also shed a light on the different decomposition pathways that 
occur in different perovskite compositions, thus substantially improving our knowledge of 
perovskite degradation mechanisms.  
5.2. Future Work 
The goal of this thesis is to improve the long-term stability of PSCs by providing a better 
understanding of the decomposition process and designing better barrier materials or more stable 
compositions. Based on the findings of this thesis, here I propose a set of future projects to further 
advance this field.  
Proposed Project 1: Designing New Moisture-resistive Layers  
As a continuation of the approaches described in Chapter 2 and 3 (physical approaches), new 
moisture-resistive barrier layers can be developed to improve the longevity of PSCs. This could 
be done either by incorporating additional moisture-resistive layers in a perovskite device stack or 
by modifying or replacing the layers (ETLs, HTLs or top electrode) which are already part of a 
perovskite device. Here I propose designing a new moisture resistive barrier layer which uses silver 
nanowires (AgNWs) embedded in a water-resistive polymer such as PMMA or polyethylene 
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terephthalate (PET). This AgNW/PMMA or PET layer will be deposited between two or more 
gold electrodes (as shown in the Figure 5.1). The AgNW network will serve as a conductive 
network connecting the two Au electrodes. The polymeric matrix (PMMA or PET) will act as a 
protective barrier layer reducing moisture ingress into the perovskite layer. Figure 5.1 shows the 
proposed device architecture.  
 
Figure 5.1 Schematic representation of the proposed architecture: FTO/TiO2/ 
Cs0.1FA0.75MA0.15Pb(Br0.15I0.85)3/spiro-OMeTAD/Au/(AgNW/PMMA or PET layer)/Au   
5.2.1.1. Deposition of AgNW/PMMA or PET 
AgNWs have been used in the literature to produce semi-transparent and flexible electrodes for 
electronic devices including solar cells.274-277 They are inexpensive with good mechanical 
properties. The AgNW/PMMA or PET layer could be deposited several ways. AgNWs (dispersed 
in dry isopropanol) and PMMA or PET (in dry chlorobenzene) will be mixed in an appropriate 
ratio to get AgNW/PMMA or PET. Then the mixture will be spin-coated. Alternatively, AgNWs 











Proposed Project 2: Study the Decomposition Kinetics of Ag 
Electrodes in Iodide and Bromide Perovskites in the Presence of 
Humidity   
Silver is one of the low‐cost electrode materials commonly used in PSCs. However, owing to 
ion migration Ag electrodes suffer from corrosion.122, 278 This results in decomposition of the Ag 
electrode within several days.122 According to Kato et al., moisture ingress into MAPbI3 first leads 
to local decomposition of MAPbI3 into PbI2.122 Iodide ions then diffuse through the HTL to the 
top Ag electrode and react to form AgI. This results in the corrosion of the Ag electrode and a 
reduction in device PCE. This can even happen to the devices stored in an inert atmosphere; 
however the process is relatively slow. Other factors like heat and light can also facilitate the 
corrosion process.278 Therefore, it is of utter importance to find a solution to this problem.  
Two major factors contribute to the corrosion of Ag electrode; iodide ion migration and the 
reactivity of Ag towards iodine. In order to mitigate these factors, here I propose to replace iodide 
with bromide in APbX3. Usually, bromide perovskites are more stable than their iodide 
counterparts.126 132 Therefore, the moisture/heat induced decomposition of APbBr3 to PbBr2 will 
be limited. As bromides are less polarizable than iodides, Ag has lesser affinity towards bromides. 
Therefore, in theory the Ag electrodes will be more stable toward the bromide perovskites.  
5.2.2.1. Experiment Design  
To prove our theory, first MAPbI3/P3HT/Ag and MAPbBr3/P3HT/Ag films will be exposed to 
ambient humidity and the corrosion of the Ag electrode will be tracked by pXRD, SEM and optical 
microscopy. In situ GIWAXS at high RH (as described in Chapter 4) will be used to track any 
changes occurring in the films. To track any changes in the oxidation states, XPS will be used. 




Proposed Project 3: In situ Investigation of Decomposition of Layered 
Perovskites by UV-vis Spectroscopy and GIWAXS  
This proposed work is a continuation of the work described in Chapter 4. With rigorous work 
going on in search of stable perovskite compositions, 2D and 2D/3D layered perovskites are 
popular due to their improved moisture stability.148, 279-281 However, very little is known about their 
degradation process. Here I propose a comprehensive study of the decomposition kinetics of the 
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